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ABSTRACT
The quality of the electricity supply can be affected by the operation of power 
conversion equipment such as ac/dc rectifiers and ac/dc/ac converters. Power 
conversion equipment such as this is widely used in industrial, commercial and 
domestic applications and the number of applications that use power conversion 
equipment is rapidly increasing.
The conventional power conversion systems that are implemented have been 
developed to supply the required waveform to the load without regard for the 
effect that this has on the supply. The operation of these systems can produce a 
large number of harmonics on the supply, which reduces the quality of the supply 
and causes problems such as an increase in losses and inefficient operation.
Developments in power conversion equipment have included the introduction of 
conversion equipment which is capable of operating at high switching frequencies. 
This type of system can be operated in such a way as to produce minimal supply 
distortion.
This thesis considers one such system and focuses on the control of the high- 
frequency rectifier for which a number of control strategies are presented. Rather 
than controlling the rectifier based on a cycle-by-cycle assessment of the system, 
these strategies consider the capability of the system based on the overall form of 
the system trajectories. An understanding of these trajectories has allowed the 
development of control strategies with a high speed of response.
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CHAPTER 1
INTRODUCTION
The three phase ac to ac converter is a circuit commonly used in applications such 
as three phase induction machine control to allow variable speed operation. The 
converter is used to control the flow of power from the supply to the load and also 
to control the waveshape at the output. The use of a controllable rectifier on the 
supply side allows bidirectional operation and allows control of the supply 
currents as well. The aim of this report is to provide an understanding of the 
rectifier system trajectories and to introduce rectifier control strategies based on 
these trajectories.
This chapter provides the background to the work, an overview of the circuit 
considered, the aims of the control strategy and an overview of rectifier control 
strategies published by other researchers.
1.1 Background
The type of circuit under consideration in this report is the voltage source 
converter; that is an ac/dc/ac converter where the dc link represents a voltage 
source to the output stage. The rectifier is the focus of this report and 
developments in the hardware and control of the rectifier are considered in this 
chapter. The first voltage source converter to be considered is that with an 
uncontrolled or phase controlled rectifier as the input stage. Circuit developments
that are also considered here are the hard-switched and soft-switched converters.
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1.1.1 Uncontrolled and Phase Controlled Rectifier
In the past, diode rectifiers were commonly used for three phase ac to dc 
conversion. The conversion was uncontrolled. Power flows in one direction only, 
that is from the ac side to the dc side of the bridge. The disadvantages of using 
this type of circuit are that the dc bus voltage is uncontrolled, the ac supply 
currents are not sinusoidal and have a large harmonic content and the power factor 
is poor.
Figure 1 Three phase converter with diode rectifier
The use of line frequency phase-controlled (thyristor) rectifiers was also common 
as it allowed the dc bus voltage to be controlled. In this type of circuit the 
thyristors can be turned on by the application of a control signal but they can only 
be turned off by the power circuit; that is when the current through the device goes 
negative. The problems with this type of circuit are similar; the ac supply currents 
are not sinusoidal and have large harmonic content, and the power factor 
decreases as the thyristor firing angle increases.
The types of problems caused by high levels of harmonics in the supply current
include:
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• an increase in losses and therefore heating of equipment;
• errors in metering;
• malfunction of equipment.
There is an increasing demand for variable speed drives so, as the use of these 
types of circuits increases, the level of harmonic distortion of the supply would 
tend to increase also. With increasingly severe standards controlling supply 
harmonics injection, more sophisticated rectifier systems have been developed.
1.1.2 Hard Switched Converter
Since the introduction of controllable switches, ac/dc/ac converters have 
frequently made use of these devices which include insulated gate bipolar 
transistors (IGBTs), gate turn off thyristors (GTOs), bipolar junction transistors 
(BJTs) and metal oxide semiconductor field effect transistors (MOSFETs). The 
turn on and turn off of these devices is controlled and they are capable of 
switching at frequencies much greater than the supply frequency, allowing high- 
frequency operation.
The converter circuit is shown below with IGBT switching devices with anti­
parallel diodes. The circuit is referred to as hard-switched because when the 
switches operate they are required to switch the line currents with the full dc bus 
voltage across them.
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Figure 2 Three phase converter with controllable hard-switched rectifier
The introduction of controllable switches has allowed the use of pulse-width 
modulation (PWM) rectifier control techniques with the following typical control 
aims:
• Sinusoidal supply currents (reduced harmonics);
• Unity power factor on the supply side;
• Bidirectional capability.
Another consideration in the control of the rectifier is the competitive need to 
reduce the size of the dc bus capacitor, which can lead to a reduction in cost as 
well as a reduction in volume.
Thus the control of the rectifier involves operating the switching devices in the 
rectifier bridge in order to control the supply currents and dc bus voltage. The 
devices may be switched at a fixed or variable frequency. Various control 
strategies are reported in the literature which attempt to meet these aims. Some of 
the most common strategies are discussed below.
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The focus of this discussion is on the control of the rectifier, and there are two 
important aspects which are discussed separately:
• Choice of target;
• Control of switches to achieve target.
1.1.2.1 Choice of Target
In order to meet the desired control aims the variables to be controlled are the dc 
bus voltage and the supply currents. The rectifier control strategies derive target 
values for the variables in a number of different ways.
The control schemes typically aim to maintain a constant dc bus voltage in an 
attempt to match the power from the supply with the power drawn by the load.
Ooi et al [l]-[4] discuss a limit that restricts the choice of capacitor voltage target, 
which is referred to as the “current waveform distortion limit”. Briefly, the 
current waveform distortion limit specifies a minimum limit on the capacitor 
voltage which must be exceeded to “ensure that there is sufficient voltage to force 
the supply currents through the inductances to track the desired template 
waveforms”. This limit is discussed in Chapter 4.4.4.
For the supply current reference, the supply voltage waveforms are often used as 
templates for the supply currents in order to achieve unity power factor. This also 
allows phase shifting if a different power factor (leading or lagging) is required. 
The derivation of the supply current reference involves the calculation of the 
required magnitude for the reference waveform.
In the control strategy presented by Ooi et al [l]-[4], the supply current reference
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magnitude is based on proportional feedback of the dc bus voltage error. The 
problems with proportional feedback include the steady-state error in the dc bus 
voltage that results.
Phase shifting is included in the derivation of the current reference for the 
predictive current controller with fixed switching frequency (PCFF) [5],[6],[7].
The operation of this control strategy is discussed in Chapter 1.1.2.2. Phase shift 
compensation is introduced into the reference waveform to account for the phase 
shift introduced by the control strategy. The supply voltage is used as a template 
with phase shift applied.
The current reference is more often based on a combination of feedback of the dc 
bus voltage error (proportional or PI regulated) as well as load feedforward. This 
improves the response of the dc bus voltage to changes in the load. Load 
feedforward has been implemented in a PCFF control system by Chen and 
Blaabjerg [7] where the load feedforward is the rectifier output current (that is, the 
current drawn from the dc bus by the inverter bridge and load), which is then 
added to the PI dc bus voltage feedback term. More typically the load feedforward 
is based on an output power estimate. The output power estimation utilised by 
Habetler [8] is based on the power delivered to the motor load from the inverter, 
which is calculated from an estimation of the electrical torque of the motor and the 
stator frequency.
Early control techniques were based on references for per-phase currents. The 
supply currents can also be represented as a vector and the control is then based on 
a current reference vector. The supply voltage is also represented by a vector and
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these vectors are transformed to a rotating (dq) reference frame which is aligned 
with the supply voltage vector. Since unity power factor is required the 
component of the supply current vector reference in quadrature with the supply 
voltage vector is set to zero. The reference supply current then specifies the 
magnitude of the vector. This type of control is termed space vector control as 
presented by Habetler [8].
Habetler [8] derives the current reference magnitude from a combination of a dc 
bus voltage feedback term and an output power estimation. A parameter which 
determines the weighting of these two components is used to tradeoff the control 
performance under steady state and transient conditions. If greater weighting is 
applied to the dc bus voltage feedback term then the steady state performance is 
improved. On the other hand, greater weighting applied to the output power 
estimation term will improve the transient performance.
Recent research has considered quasi-direct converters, which are ac/dc/ac 
converters with minimum dc bus capacitor size, as reported by Kim and Sul [9] 
and also by Malesani et al [10]. Typically electrolytic capacitors have been used 
as the dc bus capacitor. Electrolytic capacitors are relatively large and heavy.
Thus the motivation behind reducing the size of the capacitor is to replace the 
electrolytic capacitor with ceramic capacitors. In order to reduce the size of the 
capacitor it is necessary to achieve a very tight power balance.
The load feedforward presented by Malesani et al [10] low pass filters the rectifier 
output current to get the average rectifier output current. The current reference 
magnitude is calculated by multiplying this current by a constant which takes into
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account the efficiency of the rectifier and the supply and dc link voltages. DC bus 
voltage feedback is used as well as the output power estimation to account for any 
errors in the power estimation, as may be caused by changing load characteristics 
for example.
Kim and Sul [9] take advantage of the computational power of modem DSPs for 
real time power estimation. Their estimate of output power includes the machine 
losses (copper loss in the stator and rotor of the machine, iron losses plus the 
mechanical output power) as well as the switching and conduction losses of the 
semiconductor devices. These last losses are difficult to estimate and so the 
estimation has thus been based on the line currents. This output power estimation 
is combined with proportional dc bus voltage feedback and the control also 
incorporates a PI regulator with low gains and limited range to account for any 
errors in the power estimation.
1.1.2.2 Control of Switches
Once the current reference has been calculated the switching of the controllable 
bridge must be controlled in order to force the currents to follow the reference.
A common method of rectifier control is hysteresis current control (HCC). This 
type of control has been implemented by Ooi et al [l]-[4]. HCC involves 
switching the devices in the rectifier bridge so that the currents remain within a 
small tolerance of the reference value; that is, switching occurs when the current 
error exceeds the upper and lower hysteresis bands which are either side of the 
reference. A problem with HCC is that the switching frequency, and therefore 
switching losses, can be high if the size of the hysteresis band is small. The
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switching frequency varies with changes in rectifier output current so the 
switching stresses are difficult to predict.
Phase and amplitude control (PAC), or indirect current control, has evolved from 
HCC. This technique is based on sinusoidal PWM. Instead of deriving the 
magnitude of the current reference from the dc bus voltage error, the proportional 
error is used to derive the amplitude of the PWM modulating voltage waveform. 
The phase of this waveform is controlled to give adjustable power factor. This 
method has been considered by Dixon and Ooi [11], Wemekinck et al [12] and 
Wu et al [13]. The derivation of the modulating voltage waveform equates to 
determining the required rectifier voltage (voltage at the rectifier input terminals), 
and the supply currents are thus controlled indirectly by changing the phase and 
amplitude of this voltage. Sinusoidal PWM is used to determine the switching 
instants from the intersection of the modulating sinusoidal waveform with a 
triangular carrier. A problem with PAC is that it produces a dc offset on the 
supply currents.
Predictive current control with fixed switching frequency (PCFF) is a control 
technique presented by Wu et al [5],[6] which does not produce the dc offset of 
the PAC strategy. A current reference is calculated based on dc bus voltage 
feedback and load feedforward. Given the current reference, the required change 
in current for each phase is determined. PCFF is used to calculate the required 
rectifier voltages for achieving the desired change in current. From this a 
switching pattern is constructed for each phase by comparing the voltage to a 
triangular carrier and the intersections give the switching instants for each leg of 
the rectifier bridge. As implied by the name of the strategy, the switching
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frequency is constant and therefore the switching stresses are predictable. There is 
a delay of one switching period for the supply currents to follow the reference so 
the derivation of the current reference generally includes phase compensation as 
discussed in Chapter 1.1.2.1.
Another predictive control strategy has been presented by Habetler [8]. This space 
vector control strategy controls the supply current vector in the rotating dq 
reference frame. The available rectifier switching modes are represented as 
vectors and this strategy involves calculating the duty cycle for each switching 
mode which will give the required change in the supply current vector in a single 
cycle. Every half cycle the required rectifier voltage vector is determined and this 
differs from the PCFF strategy which calculates the required rectifier voltage only 
once per cycle. The first stage of the space vector control is to select the switching 
modes to be applied. They will be those with vectors adjacent to the required 
rectifier voltage vector. The next step is to determine the duration for which each 
of these two modes should be applied, or the duty cycle. The switching period is 
constant and the zero mode is applied over the remainder of the period. The zero 
mode application is equally distributed at either end of the half-switching cycle. If 
under transient conditions it is not possible to achieve the reference in a single 
cycle then in this case the zero mode is not applied. The modes that are applied 
are those that drive the current towards the reference.
Chen and Blaabjerg [7] also use a predictive space vector based control strategy.
Other approaches to the control of the rectifier include sliding mode, neural 
networks and fuzzy logic. There are also many different combinations for the two
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aspects of the control; that is the coupling of the target selection with the control 
strategy for switching operation.
As mentioned previously, hard-switching involves switching the line currents with 
the full dc bus voltage across the switching devices. This results in switching 
stresses and switching power losses that increase linearly with the switching 
frequency. The switching frequency (and therefore performance) of the system is 
limited due to the switching losses and switching stresses which cause:
• production of heat;
• reduced system efficiency;
• component degradation;
• possible component failure.
The switching operation also causes electromagnetic interference (EMI) due to the 
rapid changes in voltage and current. Higher switching frequency is possible if 
the switching losses can be decreased. This is achieved using soft-switching.
1.1.3 Soft-Switched Converter
Soft-switched converters switch the semiconductor devices when the voltage 
across them or the current through them is equal to zero. Therefore the switching 
losses will be minimal. A brief overview of the zero voltage switching resonant 
circuit is provided below.
The resonant dc link (RDCL) converter was proposed by Divan [14]. Soft­
switching is possible because of the resonant action of the bus voltage which is 
due to the addition of parallel LC components to the dc bus. The circuit for the
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resonant dc link converter is similar to that of a hard-switched converter with the 
addition of the resonant components as shown below.
Figure 3 Three phase resonant dc link converter
Since the switching devices operate with zero voltage across them, reduced 
switching stresses and power losses occur which allows:
• the elimination of snubbers, resulting in less circuit hardware
• improved circuit reliability
• reduced EMI
• less heat produced
-  improved efficiency
-  reduced equipment size
• higher frequency operation
-  better control of current waveforms
-  less acoustic noise
While detail of the operation of the resonant dc link converter is not provided 
here, a brief overview of some rectifier control aspects are considered.
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The aims of the control of the rectifier in the resonant dc link converter are the 
same as those presented for the hard-switched converter. That is:
• Sinusoidal supply currents (reduced harmonics);
• Unity power factor on the supply side;
• Bidirectional capability;
• Reduced size of the dc bus capacitor.
For a soft-switched converter the switching instants are constrained to the part of 
the switching period when the voltage is zero. The types of strategies generally 
used are referred to as discrete pulse modulation (DPM) strategies.
Control strategies for the RDCL rectifier include space vector control which is 
similar in manner to that presented for the hard-switched rectifier. An example is 
presented by Habetler and Divan [15]. The current vector reference is again 
derived from load feedforward in the form of output power estimation. The 
control considers the rotating (dq) frame of reference and the selection of 
switching mode to apply at a particular switching instant involves a number of 
steps. The modes which would drive the supply current vector towards the supply 
voltage vector (to give unity power factor) are determined. Of these, the modes 
are selected that will drive the current towards the required current magnitude 
according to a sliding mode equation. This equation includes a parameter to 
weight the dc bus voltage and supply current magnitude control components. The 
value given to this parameter will influence the relative steady state and transient 
performance. If more than one mode satisfies these selection aspects then the 
mode that gives the minimum dc bus voltage ripple is selected.
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Research has also considered the application of PWM to the soft-switched 
converter as DPM strategies can result in significant harmonic components at 
frequencies below the switching or resonant frequency. These developments 
consider the synchronisation of the switching instants with a PWM type control 
strategy.
One characteristic of the operation of the RDCL converter is the high peak 
voltages imposed on the switching devices during the switching period due to the 
resonant operation. Methods of reducing the peak voltage include active 
clamping, which involves additional hardware and more complex control.
1.2 Thesis Aims
The circuit considered in this report is the hard-switched three phase ac/dc/ac 
rectifier which would typically form the input stage to a high-frequency converter 
as shown in Figure 4. This is the circuit that was discussed in Chapter 1.1.2. The 
converter is shown connected to the supply and an induction motor load below.
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Supply Rect i f ier  DC Bus Inverter Load
Figure 4 Three phase converter hardware
The three phase ac supply, and associated line inductance L, is connected to the 
rectifier bridge. The rectifier consists of six bi-directional switches, typically 
made up of insulated gate bipolar transistors (IGBT) with antiparallel diodes. The 
rectifier is connected to a capacitor which forms the dc bus. The inverter bridge, 
which is identical in construction to the rectifier, is connected between the dc bus 
and the load.
During forward operation, the switches in the rectifier bridge allow the supply to 
be connected to the dc bus in order to charge the dc bus capacitor. At the same 
time the switches in the inverter bridge allow the dc bus voltage to be connected to 
the load in order to drive the load currents. During reverse (regenerative) 
operation, the switches allow power to flow in the reverse direction.
The rectifier is operated such that each of the three phases of the supply and load 
are connected to either the positive or negative side of the dc bus capacitor. For 
example, if switch Sri is closed then S r4 will be open and supply phase-a will be
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connected to the positive side of the dc bus capacitor. Alternatively, if switch S ri 
is open then Sr4 is closed and supply phase-a will be connected to the negative 
side of the dc bus capacitor. The configuration of the switches at each switching 
instant is selected in order to push currents and voltage towards target values to 
meet the required control aims.
1.2.1 Control Aims
The aim of this report is the analysis of the rectifier trajectories and the 
development of methods of controlling the high-frequency rectifier based on this 
analysis. The following control considerations are applied:
• unity power factor on the supply side (supply currents in phase with supply 
voltages),
• minimise line current harmonics,
• reversible power flow,
• desired current to load,
• minimal capacitor voltage ripple so that the capacitor size can be minimised,
• fast response,
In order that the control strategies developed be applicable to the resonant dc link 
rectifier, where the switching instants will generally be set by the resonant 
operation, the control is based on a fixed switching frequency.
1.3 Outline of the Report
The report looks first at a simple single phase dc source circuit and analyses the
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system equations and trajectories. This analysis provides an insight into the use of 
system trajectories for stable control of the state variables.
An analysis of the three phase high-frequency switched rectifier is presented in 
Chapter 3, on the basis of a simplified ac/dc/ac converter circuit. The results 
presented include the system equations and the trajectories for the rectifier state 
variables.
As discussed in Chapter 1.1.2, the control of the rectifier has two components.
The first is the derivation of the references for the state variables. The second is 
the implementation of a control strategy which is used to select the switching 
mode to be applied at each switching instant. In Chapter 4 the first of these 
aspects is considered. Further analysis of the rectifier system trajectories is used 
as the basis of the selection of target values for the rectifier state variables. The 
control strategy implementation is considered in Chapter 5, where several 
techniques based on the system trajectories are presented. Simulation results for 
each are presented.
In order to show that the rectifier control strategies can be applied to the full 
ac/dc/ac converter system, in Chapter 6 one of the rectifier control schemes 
developed is coupled with an inverter control scheme to allow control of the high- 
frequency converter. Simulation results under both steady state and transient 
conditions are presented.
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CHAPTER 2
DC SOURCE ANALYSIS
2.1 Introduction
In order to gain an insight into the use of system trajectories for the control of state 
space variables, a simple dc source circuit is considered. The dc source circuit is 
similar in representation to a single phase approximation of the three phase 
rectifier, with the ac supply replaced by a dc source. The dc source circuit that is 
considered has three possible switching configurations and the state space 
equations and trajectories for each are presented.
2.2 Circuit
The dc source circuit is shown in Figure 5. On the supply side the circuit consists 
of a dc source Es connected to a supply inductance L. The supply is connected to 
the output stage via two switches and this connection can be made in one of three 
possible configurations by varying the positions of the switches. The output stage 
consists of a capacitor C and a constant output current Iout- This circuit is a form 
of step-up (boost) converter.
The position of the switches that connect the supply to the capacitor is represented 
by S where either:
S=1 when the supply is connected across the capacitor as indicated : the
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inductor L is connected to the positive side of the capacitor (positive 
active switching mode);
• S=-l when the supply connections across the capacitor are reversed (negative
active switching mode);
• S=0 when the supply is not connected to the capacitor (zero switching
mode).
Figure 5 DC source circuit
The state variables in the dc source circuit are the inductor current iL and the 
capacitor voltage vcap.
During a zero switching mode the supply is disconnected from the output stage. 
There is a positive voltage (Es) across the inductor and the inductor current 
increases. The capacitor voltage decreases as the output current flows.
During an active switching mode the supply is connected to the output stage in the 
forward or reverse direction. The change in inductor current depends on the 
difference between the supply voltage and the capacitor voltage and their relative 
signs. The change in capacitor voltage depends on the difference between the 
inductor current and output current and their relative signs.
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The equations for the state variables are given below.
If ( l )
diL 1
dt L= T f c  - to o * ) (2)
For the active switching modes, the equations for the state variables are given by:
= + (%,o _ SEs )cos®i + Z(SiL0 -  /„ , )sin cot (3)
{Es S v q ) . t , i- CT \  *---------------sin wt + (ji0 -  SIoa ) cos cat (4)
For the zero switching mode the equations for the state variables are given by:
VcaP ( t )  =  VcapO ~  { (5)
h  (0 ~ ho + ^ (6)
where:
Vcapo is the initial value of the capacitor voltage
• Ìlo is the initial value of the inductor current
co =
LC
• Z =
1
By graphing capacitor voltage versus inductor current the change in the state 
variables with time can be analysed. Examples of the trajectories for the three
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switching modes are shown in Figure 6 for a positive output current and various 
initial conditions. The inductor current axis has been scaled by Z which results in 
circular trajectories for the active modes.
Figure 6 DC circuit trajectories
In the (vcap, Zii) plane the active modes give circular trajectories, the radius of 
which depend on the initial conditions. The centre of the trajectories is given by:
[ZiL, v J = { S Z I mnSEs ) (
The zero modes give straight line trajectories which are perpendicular to the line 
through the centre of the active mode trajectories (and the origin).
On the line through the centre of the active mode trajectories:
v Fcap   S
T  ^o u t
( 8)
Since the power out of the source is given by EsiL and the power into the ‘load’ is 
given by v capIout, Equation 8 gives the conditions for which a balance of power in
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th e  c ircu it occurs. T herefo re , i f  the  opera ting  p o in t lies on  the  line th ro u g h  the 
cen tre  o f  the  active  m ode  tra jec to ries, then  the  p o w er in  the  c ircu it is ba lanced .
O f  the  opera ting  p o in ts  fo r w h ich  the  p o w er in  the  system  is ba lanced , special 
co n sid e ra tio n  m u st be g iven  to  po in ts  above the  cen tre  o f  the  c ircu lar tra jec to ries  
fo r the  positive  active sw itch ing  m ode. A s show n  below , at these  p o in ts  stab le 
con tro l o f  the  state  variab les is possib le  due to the  re la tive  d irec tions and  shape o f  
the  tra jec to ries. In  the  exam ple  p resen ted  in  F igure  7, the  c ircu lar active  m ode and 
stra igh t line  zero  m ode  tra jec to ries  are used  to  oscilla te  abou t the  p o in t labelled
Figure 7 Trajectories for stable operation
It is a lso  po ssib le  to  u tilise  the  c ircu lar and  stra igh t line tra jec to ries  to  m ove 
b e tw een  p o in ts  on  the  line o f  p ow er balance, o r to  m ove to  the  line from  o ther 
p o in ts  in  the  p lane.
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2.3 Summary
The dc source circuit considered has three possible switching modes. These have 
been referred to as positive and negative active switching modes and the zero 
switching mode. An analysis of the equations and trajectories for the state 
variables for each of these switching modes has been presented, where the state 
variables are the inductor current and capacitor voltage.
The trajectories for the active switching modes are shown to be circular (when the 
inductor current is appropriately scaled) and the radius of the trajectories depend 
on the initial conditions. The line through the centre of the active mode 
trajectories also passes through the origin and it has been shown that a balance of 
power in the circuit occurs when the operating point lies on this line (referred to 
here as the line of power balance). The trajectories for the zero switching mode 
are straight lines perpendicular to the line of power balance.
For operating points on the line of power balance and above the centre of the 
circular trajectories (for the positive active switching mode), it is possible to 
achieve stable control by taking advantage of the shape of the circular and straight 
line trajectories.
In the following chapter the equations and trajectories for the state variables for 
the three phase ac to dc rectifier are considered and related to those discussed
above.
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CHAPTER 3
ANALYSIS OF THE HIGH-FREQUENCY 
SWITCHED RECTIFIER
3.1 Introduction
The high-frequency switched rectifier to be considered forms the input stage of a 
three phase ac/dc/ac converter.
The aim is to analyse the rectifier in isolation and develop methods of rectifier 
control that utilise the shape of the system trajectories to meet several aims, 
mainly sinusoidal supply currents at unity power factor and constant capacitor 
voltage. The development of these control strategies is presented in three parts 
which are addressed in the following three chapters. The first is a detailed 
analysis of the shape and characteristics of the system trajectories. The next area 
considered is the choice of target operating point. The final aspect is the control 
rules implemented in an attempt to reach the target, which are based on the system 
trajectories.
In this chapter an analysis of the dynamic behaviour of the high-frequency 
switched rectifier is presented. The aim is to investigate in detail the shape and 
characteristics of the system trajectories.
The circuit considered in the analysis of the rectifier operation represents a 
simplified converter circuit, which allows results for the rectifier to be derived
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which may be applied to the full converter system.
The rectifier considered has eight possible switching configurations and equations 
for the state variables for each configuration are derived. These equations apply 
irrespective of variation in the supply voltage or output current. A study of the 
equations for the state variables results in an understanding of the form of the 
system trajectories. A detailed analysis of the trajectories is presented for the 
system for which the response of the rectifier is fast compared to the supply 
frequency and the output current is assumed constant.
This chapter covers first the circuit considered for the rectifier analysis. The 
equations for the state variables and the system trajectories are then presented.
The characteristics of these trajectories are discussed in some detail.
3.2 Rectifier Circuit
To analyse the operation of the high-frequency switched rectifier, the three phase 
ac/dc/ac converter system shown in Figure 4 can be approximated by that shown 
in Figure 8, where a current source represents the current drawn by the three phase
inverter and inductive load.
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P
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Figure 8 Simplified circuit for switched rectifier
T he rec tifie r connects the  th ree  phase  ac supply , and  assoc ia ted  line induc tance  L, 
to  the  dc bus capac ito r and  curren t source.
3.3 Equations
A  theo re tica l in vestiga tion  o f  the  system  allow s equations for the  state variab les 
fo r the  sw itched  rec tifie r to  be derived. The state variab les considered  are the  dc 
b us vo ltage  (vcap) and  the supply  cu rren t vecto r i w here:
i = i + i,e j{2xß) + L.e j {  4*/3)
T he fo llow ing  vecto rs  can  also  be defined:
(9)
e =  ea + ebej(2”ß) +
S  = Sa + S„eji2"ß) + SceÄi"/3)
( 10)
( i l )
w here  e is the  supp ly  vo ltage  vec to r and  S is the  'sw itch ing  vecto r' w h ich  
rep resen ts  the  d is tinc t sw itch ing  m ode o f  the  rectifier. T he variab les Sa, Sb and Sc 
fro m  E q u a tio n  11 describe  the  sw itch ing  configu ra tions o f  the  th ree  phases o f  the
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rec tif ie r  b ridge . T he a-phase  w ill be connec ted  to  e ither P or N  as illu s tra ted  in 
F igu re  8 , and  th is  sw itch ing  configu ra tion  is described  by Sa w here:
•  S a =  1 i f  the  a-phase is connected  to  P
•  S a — 0 i f  the  a-phase  is connected  to N .
S im ilarly  Sb and  Sc are defined  fo r the  b- and  c-phases. E ach  o f  the  e igh t p o ssib le  
sw itch ing  m odes (and  sw itch ing  vecto rs) is un ique ly  labelled  using  the  th ree  b its 
S a, Sb and  Sc. F o r exam ple  Sno iden tifies the  sw itch ing  vec to r tha t is app lied  
w h en  the  a- and  b -phases are connected  to  P and  the  c-phase  is connec ted  to N . A 
re c tifie r sw itch ing  m ode  can  be c lassified  as:
•  a  zero  sw itch ing  m ode i f  S =  0
•  an  active sw itch ing  m ode otherw ise.
A s illu s tra ted  in  F igure  9, for each  o f  the  six  active sw itch ing  m odes there  is a 
sw itch ing  v ec to r w ith  u n it m agn itude  and fo r the  zero  sw itch ing  m odes there  are 
v ecto rs  w ith  leng th  equal to  zero. T he opposite  sw itch ing  vecto rs (for exam ple  
S iio and  Sooi) are re fe rred  to  here  as com plem entary .
Figure 9 Rectifier switching vectors
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It is shown in Appendix A, that the change in current and voltage are given by the 
system equations below:
di
dt ( 12)
dv cap
dt
U 2  .— S - i — irc
\
)
where S*i is the dot product of the vectors S and i.
(13)
Since an aim of the rectifier control system is to control the supply current vector 
to be in phase with the supply voltage vector, it is useful to consider:
• the component of the supply current vector in phase with the supply voltage 
vector (id)
• the component of the supply current vector out of phase with the supply 
voltage vector (iq)
The corresponding equations for these variables are:
—  = -(¡£ 1 -5 > CJ  (14)
di, _ S qvcop
d t ~  L <15>
where Sd and Sq are the components of S in phase and out of phase with e 
respectively.
For a particular active switching mode, the vectors i and e may be expressed in 
terms of components parallel and perpendicular to S, which are denoted ipar and
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iperp? 6par and eperp respectively. Different values of these parallel and 
perpendicular components exist for each active switching mode. The resultant 
decoupled equations for the active switching modes as derived in Appendix B are:
LC d  Î par
dt2 dt
r2 .  ^
~   ̂par  ̂out
V 3 J (16)
LC
d 2v cap
dt2
di,
dt (17)
ai eperp perp
~ d T =~ T  o*)
These equations apply irrespective of variation in the supply voltage or the output 
current.
3.4 System Trajectories
The system equations allow the form of the state space trajectories to be 
determined. In order to gain an insight into the shape of the trajectories in a single 
control cycle, it is revealing to consider the form of these trajectories over a longer 
period. It is useful to assume that the supply voltage and output current are 
constant based on the fact that they will vary little over a single control period as 
described below:
• Since the period over which the control effort is applied is small compared to 
one supply cycle, it is reasonable to assume that the supply voltage is 
constant over the period. For example, the period of a 50Hz supply cycle is 
20mS. At a control frequency of 10kHz the period of a control cycle is
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0.1 mS, and during this time the supply voltage would have changed little.
• Due to the inductive nature of the converter load, during a control period the 
change in converter load current (and therefore rectifier output current) is 
small. Therefore it is reasonable to assume that the output current is 
constant over this period. It is recognised that this assumption does not hold 
at the end of a control cycle, when the rectifier output current can undergo a 
step change as the inverter switching mode changes.
While these assumptions of constant supply voltage and output current do not hold 
with time, they are adopted with the aim of analysing the form of the trajectories 
in a single control cycle. An example of the state space trajectories that result 
from a variable supply are presented in Appendix D.
Based on these assumptions, the equations for the supply currents and capacitor 
voltage given a constant supply voltage (E) and constant output current (Iout) are 
presented in Appendix C. An analysis of the state space trajectories provides an 
insight into how the state variables change from any point in the (i, vcap) space on 
application of each switching mode. This forms the basis of the selection of the 
switching mode at each control interval. For the remainder of this chapter, and for 
the discussion of control strategies in later chapters, it is assumed that the supply 
voltage and output current are constant. Variations in supply voltage and output 
current are taken into consideration when the control strategies are implemented in 
simulations in Chapter 5.
If the system trajectories are plotted in the three-dimensional (i, vcap) space, the 
trajectories for the zero modes are straight lines. The equations for the changes in 
i and vcap that result are given below. These equations have been derived from
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Equations 12 and 13. 
di  E
7  = J  O9)
^  cap _  I  ̂
dt ~ C (2°)
The above equations show that i changes in the direction of the supply voltage 
vector and vcap changes at a rate proportional to Iout.
For the active modes, the decoupled equations show that there is a LC oscillation 
involving ipar and vcap (Equations 16 and 17), and iperp changes at a constant rate 
(Equation 18). Therefore the trajectories for the active modes are helices with the 
(ipar, vcap) plane being the plane of oscillation. The natural frequency of oscillation 
is given by:
2
J l c  (21)
The helices progress in the iperp direction at a rate proportional to Eperp as given by 
Equation 18. The direction of drift is at 90 degrees to the switching vector applied 
due to the circulating currents in the two supply phases connected together at the 
positive or negative dc bus.
Figure 10 shows an example of the trajectories that result if active modes 011 or 
100 are applied for a given fixed supply voltage and output current.
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Figure 10 Trajectories for modes Oil and 100
3.4.1 Analysis of the Active Mode Trajectories
F o r each  active  m ode the p ro jec tion  o f  the  helical tra jecto ry  onto  the  (Zoipar, v cap) 
p lan e  fo r th a t m ode w ill g ive a c ircu lar tra jectory , w here Zo is a scaling  fac to r 
g iv en  by:
¡2T
V 3C  (22)
T he  cen tre  o f  the  c ircu lar tra jecto ry  is g iven  by:
E x am p les  o f  tra jec to ries  for a  p a rticu la r sw itch ing  m ode are show n below , w here 
the  rad ius o f  the  c ircu lar tra jec to ry  depends on  the in itia l cond itions. T he 
tra jec to ry  ro ta tes  an tic lockw ise  w hen  v iew ed  as a  p ro jec tio n  in  the  S d irection .
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Figure 11 Active mode trajectories
C o n sid e r w hat the  tra jecto ries  look  like in  te rm s o f  v cap and  id (the cu rren t in phase  
w ith  the  supp ly  vo ltage  vecto r E). T here  are tw o cases to  consider:
•  E  is a ligned  w ith  a sw itch ing  vecto r (that is E  is at an angle  o f  0°, 60°, 120°, 
etc).
•  E  is n o t a ligned  w ith  a sw itch ing  vector.
I f  E  is a ligned  w ith  a pa rticu la r sw itch ing  vecto r, then  id is equal to  the  cu rren t in  
p h ase  w ith  th a t sw itch ing  vecto r (ipar). O n app lica tion  o f  the  a ligned  sw itch ing  
m ode , the  tra jec to ries  in  the  (Zoid, v cap) p lane  are the  sam e as the  c ircu lar 
tra jec to ries  p resen ted  in  F igure  11. F rom  E quations 13 and  14 the value  o f  id and 
v cap at the  cen tre  o f  the  circ les can  be derived:
1 (  3
i, =
S d V (24)
Vcap sd (25)
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Since  E  is a ligned  w ith  the  sw itch ing  vec to r in  th is  case, Sd = 1 and  Sq = 0.
T he cen tre  o f  the  c ircu lar tra jec to ry  w hen  E is a ligned  w ith  the  sw itch ing  vec to r 
can  thus  be s im p lified  to:
(26)
S ince  Sq is zero  there  is no  change in  iq (from  E qua tion  15) and  the  tra jec to ry  in 
th ree -d im en sio n s is c ircu lar no t helical.
I f  E  is n o t a ligned  w ith  a  sw itch ing  vecto r then  a w eigh ted  com bina tion  o f  the  tw o 
sw itch ing  vecto rs  ad jacen t to  E  w ill give a resu ltan t tra jec to ry  tha t is very  c lose  to 
c ircu la r w h en  p ro jec ted  on  to  the  ( Z 0id,VcaP) plane. The w eigh ting  g iven  to  the  
ad jacen t sw itch ing  m odes is re la tive  to  the  angle be tw een  each  sw itch ing  vecto r 
and  the  supp ly  vo ltage  vector. F o r exam ple, i f  E  is equ id istan t be tw een  ad jacen t 
m odes th e n  the  m odes w ou ld  be w eigh ted  equally . O therw ise, the  m ode  c lo sest to 
E  w o u ld  be  app lied  m o st often. E xam ples o f  the  resu ltan t tra jec to ries  are show n 
below .
ZOxid ZOxid
(a) Supply angle 20° (b) Supply angle 30°
Figure 12 Resultant trajectories
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The ‘centre’ of the resultant trajectory is derived from Equations 24 and 25. In 
this case, Sd and Sq are replaced by SdR and SqR which are weighted combinations 
of Sd and Sq for each of the adjacent vectors. The value of id and vcap at the centre 
of the trajectories is given by:
i, = 1 (  3- /
Ur V
SqR iq (27)
\E \
v = -—-cap ç
à  dR
(28)
where
SdR ~ —— cos 0 + —  cos(60 -  6)
dR 60 60 v 7
SaR = — —  sin 6 + —  sin(60 -  0)
qR 60 60 V ’
and
(29)
(30)
9 is the angle between E and the closest switching vector
An example of the parallel and perpendicular components of each of the switching 
vectors are shown graphically in Figure 13.
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Figure 13 Components of S
Since Sq is o f  opposite  sign  fo r the  tw o  sw itch ing  vectors ad jacen t to  E, w e find 
th a t one o f  the  m odes selected  causes iq to increase and the o ther causes iq to 
decrease  (refer to  E quation  15). I f  the w eigh ting  w ith  w h ich  the m odes are 
selec ted  is re la tive  to  the  angles be tw een  them  and the supply  vo ltage vecto r, then  
the  n e t d rift o f  iq can  be con tro lled  to  average zero.
In  sum m ary , fo r any angle o f  the supply  voltage it is appropria te  to assum e that it 
is p ossib le  to  fo llow  c ircu lar tra jecto ries in  the  (Zoid, v cap) p lane w ith  no net drift 
o f  iq. E quation  31 b e lo w  represen ts the  centre o f  the  c ircu lar tra jecto ries.
0 À  ’ ^  cap )
1 r  3 \ E \  ^
\ ^ d R
~ 2 * oul ^  q R ^ q ’ e
° d R  y
(31)
T his equation  applies fo r all angles o f  the  supply  voltage. In the  case w here the 
supp ly  vo ltage  vecto r is a ligned  w ith  a sw itch ing  vecto r then  SdR=l and  SqR=0. 
T he equation  th en  becom es th a t p resen ted  earlier (E quation  26).
3.4.2 Analysis of the Zero Mode Trajectories
In  the  (Zoid, v cap) p lane, the  zero m ode tra jecto ries  are stra igh t lines perpend icu la r
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to  th e  line  th ro u g h  th e  cen tre  o f  the  c ircu lar active m ode tra jecto ry . A n  exam ple  is 
sh o w n  below .
Figure 14 Zero mode trajectories
3.4.3 Characteristics of the Trajectories
F igu re  15 show s an  exam ple  o f  the  tra jec to ries  for tw o com plem en tary  active 
sw itch ing  m odes and  a zero  sw itch ing  m ode. T his figure is very  s im ila r to tha t 
p re sen ted  fo r the  dc source c ircu it in  F igure  6 . T he variab les vc and  ic rep resen t 
th e  capac ito r vo ltage  and  in  phase  curren t respec tive ly  at the  circ le  centre.
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Figure 15 Example of active and zero mode trajectories
Som e general observations can  be m ade from  a graph ical analysis o f  the  active 
m o d e  tra jec to ries. T he d irec tion  o f  change o f  v cap and  id can  be p red ic ted  by 
conside ring  the  p o s itio n  o f  the  opera ting  po in t in  the  (Zoid, v cap) p lane  re la tive  to 
th e  centre  o f  the  tra jectory . F o r exam ple, it can  be seen from  the tw o-d im ensiona l 
p ro jec tio n  in  F igure  16 tha t the  d irec tion  o f  the  change in  capac ito r vo ltage  is 
d e term ined  by  the  va lue  o f  cu rren t re la tive  to the  curren t at the  cen tre  o f  the 
c ircu lar tra jecto ry . F o r th is  exam ple, i f  the  value o f  Zoid is to  the  left o f  the  centre 
o f  th e  tra jec to ry , th en  the  capac ito r vo ltage  w ill decrease in itially .
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Figure 16 Effect of switching on capacitor voltage
V cap
yj
id decreasing
id increasing
Figure 17 Effect of switching on supply current
In  a  s im ila r m anner, the  change in  the  supply  curren t is de term ined  by the value  o f  
cap ac ito r vo ltage  re la tive  to  the  vo ltage at the  centre o f  the  c ircu lar tra jecto ry . For 
exam p le , as show n  in  F igure  17, i f  v cap is h igher than  the  vo ltage  at the  centre  o f  
the  tra jec to ry  th en  id w ill decrease in itially .
A t every  p o in t in  the  th ree-d im ensional (i, v cap) space, the  effect o f  each  sw itch ing
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m o d e  can  be p red ic ted  by  analysing  the  shape o f  the  state  space tra jec to ries  in  th is 
m anner. F o r exam ple , reg ions are fo rm ed  in  the  curren t p lane  by p lo ttin g  the 
lo n g itu d in a l axes o f  the  helical tra jec to ries  fo r the  six active sw itch ing  m odes. 
T h ese  reg ions are show n  in  F igure  18.
Figure 18 Regions in current plane defined by axes of helical trajectories
F o r every  va lue  o f  i the  change in  capacito r vo ltage  due to  the  ap p lica tion  o f  a 
sw itch ing  m ode  is found  by iden tify ing  the reg ion  tha t the  vecto r lies in. W hen  
th e  supp ly  cu rren t vec to r lies in  the  reg ion  th a t is shaded  in  F igure  18, the  
ap p lica tio n  o f  any sw itch ing  m ode w ill cause the  capac ito r vo ltage  to  decrease  
in itia lly  w h ile  the  load  cu rren t is positive.
3.5 Summary
T he rec tifie r c ircu it considered  is a  s im plified  converter w ith  a  cu rren t source 
rep resen tin g  the  cu rren t d raw n from  the  dc bus by the inverter and th ree  phase 
load. T he state  variab les fo r the  system  are the  supp ly  curren ts (rep resen ted  by the 
v ec to r i) and  the  dc bus capac ito r voltage.
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There are eight possible rectifier switching modes, and equations for the state 
variables have been derived for these active and zero switching modes. These 
equations apply irrespective of variation in the supply voltage or the output 
current.
A study of the decoupled system equations has resulted in an understanding of the 
form of the system trajectories. When the response of the rectifier is fast 
compared to the supply frequency and the output current is assumed constant, the 
active mode trajectories are helical with the direction and rate of progression 
dependent on the position of the supply voltage vector. The zero mode trajectories 
are straight lines.
When the capacitor voltage and the component of the supply current in phase with 
the supply voltage are considered, it has been shown that it is possible to achieve 
circular trajectories. When the supply voltage is aligned with a switching vector, 
the circular trajectory results from the application of a single mode (that which is 
aligned). Otherwise a circular trajectory results from a weighted combination of 
adjacent modes.
In the following chapter the trajectories from a point are considered to develop 
simple rules for the choice of target values for the state variables.
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CHAPTER 4
CHOICE OF RECTIFIER TARGET
4.1 Introduction
Control of the switched rectifier is based on an attempt to achieve the state 
variables at target values. The target values represent a target operating point in 
the (i, vcap) space.
This chapter considers the selection of the target operating point based on further 
analysis of the rectifier system trajectories. The aim is to select target operating 
points that allow stable control. A method of classification of operating points is 
introduced, which is referred to here as ‘maintainability’. A study of the region 
defined by the trajectories from a point allows the maintainability to be 
investigated so that stable operating points in the (i, vcap) space can be identified.
An analysis of maintainability is also used to select the set of trajectories (and 
therefore switching modes) that can be used to reach the target point and to 
maintain that position.
This chapter first considers the rectifier control aims as they form the basis of the 
target point selection. The concept of maintainability is then described and 
general examples are presented. Maintainability as it applies to the rectifier is 
described and used to identify target operating points and rectifier switching
modes to achieve stable control.
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4.2 Control Aims
The choice of target values for the rectifier state variables must take into account 
the system requirements and also the aim of achieving unity power factor on the 
supply side. This forms the basis of the choice of target values for vcap, id and iq as 
described below.
• The target value of capacitor voltage is given by the system requirements.
For example, the required dc bus voltage of the circuit might be specified as 
700V.
• Since unity power factor is required, the target value of iq is zero. This 
means that the supply voltage vector can be used as a template for the target 
supply current vector.
This chapter investigates the selection of target values for id which define the 
magnitude of the target supply current vector.
4.3 Definition of Maintainability
The operating points in state space can be described using a classification that is 
referred to here as ‘maintainability’. Maintainability classifies operating points 
based on an analysis of the trajectories from each point, into two types:
• ‘Maintainable’ operating points;
• ‘Unmaintainable’ operating points.
Maintainable operating points are those for which it is possible to switch between 
the trajectories from the operating point in such a way that will allow the state
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variab les  to  re tu rn  to  th e ir o rig inal values. A n  exam ple  in  tw o -d im en sio n s  o f  the  
tra jec to rie s  from  a m ain ta inab le  p o in t is g iven  in  F igure  19.
Figure 19 Trajectories from maintainable operating point
V ecto rs  V i to  V 7 rep resen t the  changes in  the  state variab les tha t re su lt on  
app lica tio n  o f  each  o f  seven  sw itch ing  m odes. It is possib le  to sw itch  b e tw een  
th ese  sw itch ing  m odes and  re tu rn  to  the  o rig inal opera ting  po in t as show n  in 
F igu re  20(a).
Figure 20 Trajectories from maintainable operating point
It is p o ssib le  fo r the  state  variab les to  re tu rn  to  th e ir orig inal va lues by app ly ing  a
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su b se t o f  the  availab le  sw itch ing  m odes as illu stra ted  in  F igure  20(b). H o w  
c lo se ly  the  state  variab les rem ain  to  a  m ain ta inab le  opera ting  p o in t depends on the 
am o u n t o f  tim e  fo r w h ich  each  sw itch ing  m ode is applied . T his depends on the 
sw itch in g  frequency  and  w he ther or n o t it is variab le.
I f  an  o pera ting  p o in t is unm ain ta inab le  then  it is no t p ossib le  to sw itch  be tw een  
th e  tra jec to ries  from  the  po in t and  have the state variab les re tu rn  to  th e ir o rig inal 
va lues. A n  exam ple  is show n  in  F igure  21.
Figure 21 Trajectories from unmaintainable operating point
It is n o t p o ssib le  to  re tu rn  to  the  o rig inal opera ting  po in t by sw itch ing  be tw een  the 
availab le  sw itch ing  m odes fo r the  exam ple  g iven  in  F igure  21.
M ain ta in ab ility  can  be checked  graphically . A s show n  in F igure  22, the  
tra jec to ries  from  an  opera ting  p o in t define a reg ion . I f  th is  reg ion  encloses the  
o pera ting  p o in t th en  it w ill be  possib le  to  m ove a long  the  availab le  tra jec to ries  in 
su ch  a  w ay  th a t a llow s the  state  variab les to  re tu rn  to  th e ir o rig inal va lues. T he
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o rig in a l o pera ting  p o in t is thus c lassified  as m ain ta inab le . A n exam ple  is 
p re sen ted  in  F igu re  22(a). I f  the  reg ion  defined  by  the  tra jec to ries  from  a p o in t 
does n o t enclo se  the  p o in t th en  the  opera ting  po in t is c lassified  as unm ain ta inab le . 
A n  exam ple  is p resen ted  in  F igure  22(b).
Figure 22 Region defined by trajectories (a) Maintainable (b) Unmaintainable
It shou ld  be no ted  th a t reg ions defined  by subsets o f  the  tra jec to ries  from  the  po in t 
a lso  enclose  a m ain ta inab le  opera ting  poin t. In  F igure  22(a) for exam ple, reg ions 
de fined  by  tra jec to ries  V i, V 2 and  V 3, or V 3, V 6 and V 7, am ongst o thers, enclose  
the  opera ting  po in t. T herefore  fo r th is tw o-d im ensiona l exam ple, a  m a in ta inab le  
opera ting  p o in t can  be m ain ta ined  by applying the  th ree  sw itch ing  m odes for 
w h ich  the  tra jec to ries  define a triangu lar reg ion  enclosing  the opera ting  point.
T hese  ideas can  also  be ex tended  to  th ree-d im ensions. In  th is  case the  sw itch ing  
m o d e  tra jec to ries  from  an  opera ting  p o in t define a reg ion  in  th ree-d im ensional 
space , and  the  opera ting  p o in t is m ain ta inab le  i f  the  p o in t is enclosed  in  that 
reg ion . A s an  exam ple, consider a case fo r w h ich  there  are seven  availab le  
sw itch ing  m odes. C heck ing  fo r m ain ta inab ility  co rresponds to so lv ing  E quation
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32 and finding the coefficients X\ to Xj where ^¡>0.
4K i  + ^ l 2 + ^ K s  +*4K4 +a5v 5 +x6v 6 +x , v 7 = o (32.
If a solution exists for which at least two of the coefficients are non-zero then the 
operating point is maintainable, but there will be an infinite number of solutions. 
The results can be normalised by setting one of the coefficients to unity. For an 
operating point that is maintainable it is again possible to use a subset of the 
available trajectories to maintain the point. For this reason some of the 
coefficients in Equation 32 may be equal to zero.
These ideas can be applied to the rectifier system.
4.4 Application to Rectifier
The concept of maintainability is applicable to the control of the three phase 
rectifier because it shows that, for some (unmaintainable) operating points, it is 
not possible to achieve stable control. The aim then is to find target points that are 
maintainable. To determine which points are maintainable the rectifier trajectories 
need to be investigated further.
4.4.1 Rectifier Trajectories
At a given operating point in state space (i, vcap) there are seven possible 
trajectories corresponding to the available switching modes. The helical active 
mode trajectories can be approximated in a single control cycle by the straight line 
tangents at the operating point. The change in current and capacitor voltage for 
these tangents are defined by Equations 33 and 34.
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F o r a sing le  con tro l p e riod  the  reg ion  defined  by the six  tangen ts  and  the  zero  
m o d e  tra jec to ry  is a h exagon  in  the  curren t p lane  as illu stra ted  below . The 
op era tin g  p o in t has b een  rep resen ted  as the  origin.
S S-101 -001
Figure 23 Possible d] vectors
T he cen tre  o f  the  h exagon  is defined  by the zero m ode tra jecto ry  and it is o ffset 
fro m  the  opera ting  p o in t by:
C en tre  O ffse t = E  —- 1 (A
T he size  o f  the  hexag o n  is defined  by the  active m ode tra jec to ries  and  the  d istance  
from  th e  cen tre  o f  the  hexag o n  to  each  vertex  is g iven  by:
. dt
Size =  vcop -
(36)
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T he seven  p o in ts  tha t define  the hexagon  (and  cen tre) all lie in a p lane  in the 
th ree -d im en sio n a l (i, v cap) space. A n  exam ple  in  th ree -d im ensions is p resen ted  in 
F igu re  24.
Vcap
Im (i)
R e(i)
Figure 24 Hexagon defined by trajectories
E q u a tio n  33 defines the  positio n  o f  each  o f  the  seven  p o in ts  a long  the  v cap axis 
(re la tive  to  the  opera ting  po in t). F or each  sw itch ing  m ode th is d istance  is 
p ro p o rtio n a l to  ipar, w h ich  is the  com ponen t o f  the  cu rren t vecto r p ara lle l to the  
sw itch ing  vector. A n  exam ple  is g iven  in  F igure  25. T he h ighest vertex  o f  the 
h ex ag o n  w ill be th a t w h ich  rep resen ts  the  sw itch ing  vecto r tha t is c lo sest to i. The 
o rien ta tio n  o f  the  h ex ag o n  in  th ree-d im ensional space changes as the  cu rren t
v ec to r m oves.
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Figure 25 Component of current vector parallel to switching vectors
T he p lan e  defined  by  the  tra jecto ries  is characterised  by the fo llow ing  equation :
LR e( i ) ^ M ï  + L lm ( i ) d ] ^  + l Cv
dt dt 2
dvcap
cap dt
i-E  + - v œpI,tul = 0 (37)
w here
•  R e(i) is the  real com ponen t o f  the  supply  cu rren t vecto r
•  Im (i) is the  im aginary  com ponen t o f  the  supply  curren t vecto r
•  i*E is the  do t p ro d u c t o f  the  vecto rs i and  E.
4.4.2 Rectifier Maintainability Criteria
A s ou tlined  above, the  reg ion  defined  by the seven  tra jec to ries  from  an opera ting  
p o in t is a h ex ag o n  in  a  p lane. A  rec tifie r operating  po in t is m ain ta inab le  i f  the 
de fined  reg io n  encloses the  po in t, w h ich  is the case i f  b o th  o f  the  fo llow ing  
c rite ria  are satisfied :
1. T he p o in t is on  the  p lane;
2. T he p o in t is in side  the  hexagon  as a p ro jec tion  on  the cu rren t p lane.
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Figure 24 is an example of an operating point that meets the second of these 
criteria but not the first.
These criteria define limits on the state variables and these are discussed further 
below. The criteria are specified in terms of equations that apply to the state 
variables. The criteria are also related to operating points in the (i, vcap) space and 
described in terms of the state space trajectories in the two-dimensional (Zoid, vcap) 
plane.
4.4.2.1 Criterion 1: Operating point on the plane
The first criterion is met when the perpendicular distance from the operating point 
to the plane is zero. The distance is given by the following equation:
Distance from operating point to plane =
The distance from the operating point to the plane is zero when the numerator of 
Equation 38 is zero, that is when:
\________( g - i -  1 % , - Q
V3 £2 (Re(i)2 + Im(i)2 )+ 3C Vcap
(38)
f
V
E - i - - y cap = 0
(39)
Therefore the criterion that the operating point be on the plane defined by the 
trajectories may be written in terms of the following equation for vcap:
vcap
2 E- i
3 L (40)
As described in Chapter 4.2, in order to achieve unity power factor the target value
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of iq is zero. Therefore the plane in the (i, vcap) space that satisfies the first 
criterion can be reduced to a line. The equation of this line has been derived by 
rearranging Equation 40 and setting iq equal to zero:
2 v /. _ cap out
ld ~ 2 |£| (40
The same equation describes the line through the centre of the circular trajectories 
in the (Zoid, vcap) plane as presented in Chapter 3.4.1. Therefore, the first 
maintainability criterion is satisfied by operating points on the line through the 
centre of the circular trajectories in the vcap versus Zoid plane.
4.4.2.2 Criterion 2: Operating point inside hexagon in current plane
The hexagon in the current plane is shown in Figure 23. The offset of the centre 
from the operating point is proportional to E, and the size of the hexagon is 
proportional to vcap (see Equations 35 and 36). Therefore, whether the operating 
point is enclosed in the hexagon depends on vcap compared to |E|.
The criterion that the operating point be inside the hexagon (as a projection on the 
current plane) may be written in terms of a limit on vcap as given by Equation 42.
In this equation 0 is the angle between the supply voltage vector and the closest 
switching vector.
vCaP > -^ |£ |co s(3O °-0 ) (42)
Equation 42 imposes a minimum limit on vcap and, in the (Z0id, vcap) plane, this 
limit represents the capacitor voltage at the centre of the circular active mode
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tra jec to rie s  (o r re su ltan t tra jecto ry  w hen  tw o ad jacen t m odes are being  
im p lem en ted ). F o r exam ple, w hen  E  is a ligned  w ith  a sw itch ing  vec to r the  
c rite rio n  becom es:
V cap >  \K \
T his is the  value  o f  v cap at the  centre o f  the  c ircu lar trajectory .
(43)
T here fo re  opera ting  p o in ts  fo r w h ich  v cap exceeds the  value  at the  cen tre  o f  the 
c ircu la r tra jec to ry  satisfy  the  second  m ain ta inab ility  criterion.
W h en  u sing  th is  lim it in  a  p rac tica l contro l system  it is usefu l to  consider the  lim it 
on  v cap th a t w ill be m et by m ain ta inab le  opera ting  po in ts  regard less o f  the  position  
o f  E. T his is the  lim it defined  g raph ically  by an in scribed  circ le  in  the  h exagon  as 
illu s tra ted  in  F igure  26.
Figure 26 Maintainability criterion
T his lim it on  v cap is defined  by  the  case w hereby  E is equ id istan t from  ad jacen t 
sw itch ing  vecto rs, as described  by E quation  44. T his show s th a t the  capac ito r 
v o ltage  lim it in  th is  case is equal to  the  peak  line-to -line  supply  voltage.
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V a p > S ®
vcaP > 46E L_Hrms
(44)
In the example of the operating point and trajectories illustrated in Figure 23, the 
operating point lies outside the hexagon and therefore vcap is below the specified 
limit.
4.4.2.3 Maintainability Criteria Summary
The concept of maintainability has been introduced in order to select target 
operating points in the (i, vcap) space that allow stable control; specifically the 
value of id, which defines the magnitude of the target supply current vector. From 
the criteria for maintainability it has been shown that, if iq is required to be zero, 
the maintainable operating points are those that are:
• on the line through the centre of the circular active mode trajectories in the 
(Zoid, vcap) plane, and
• above the centre of the trajectories.
Therefore when choosing a target point given the required value of vcap, the 
required target value of id is given by Equation 41 or graphically from the line of 
maintainable operating points shown below.
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Maintainable Points
Figure 27 Line of maintainable points
T hese  resu lts  are c lose ly  re la ted  to  those  d iscussed  for the  dc source c ircu it in 
C h ap ter 2. U sing  the  sam e logic as F igure  7, fo r the  th ree  phase  rec tifie r stab le  
con tro l o f  m a in ta inab le  targets  is possib le  due to  the  re la tive  d irec tions o f  the  
s tra igh t line  and  c ircu lar tra jecto ries.
T here  is a  re la tionsh ip  b e tw een  po in ts  tha t do n o t m eet the  m ain ta inab ility  c rite ria  
and  the  rec tifie r tra jec to ries  in  state space as sum m arised  below :
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In the 2-D (Z0id, vcap) plane:
• The operating point is on the line 
through the centre of the circular 
trajectories, but is below the centre 
of the trajectories.
• The operating point is above the 
centre of the circular trajectories 
but not on the line through the 
centre of the trajectories.
In the 3-D (i, vcap) space:
The operating point is on the plane 
defined by the trajectories but it is 
outside the region (hexagon) 
defined by them.
The operating point is inside the 
region (hexagon) defined by the 
trajectories but not on the plane 
defined by them.
4.4.3 Relationship to Physical
An insight into why points on the line through the centre of the active mode 
trajectories are maintainable is gained by considering the power into and out of the 
dc bus capacitor. The equations for the power flows are given by:
Power In = — E-i
3 “  “ (45)
Power Out = v /vv^ A v cap-1 out (46)
When there is a balance of power into and out of the capacitor:
cap
2 E- i
3 / T
2 1 É f j  u . .——— when i i s  zero.
3 q
(47)
This equation for power balance is the same as that defining the first criterion for
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maintainability, and it defines the operating points on the line through the centre 
of the active mode trajectories. This line is referred to here as a Tine of power 
balance’. Therefore, for an operating point to be maintainable a balance of power 
must occur.
The second criterion for maintainability, that an operating point be above the 
centre of the active mode trajectories in order to be maintainable, relates to the 
level of capacitor voltage required for control as discussed in Section 4.4.4.
4.4.4Comparison to Published Work
The limit on the value of the capacitor voltage that is specified by the 
maintainability criteria can be compared to limits published elsewhere.
The limit on vcap is described by Equation 44, which is reproduced below.
v“p>  7 3 '-I
vc„p > S E L_Nrms
(48)
This limit is equal to the peak line-to-line voltage. This corresponds to work 
published by Wemekinck et al [12] which states that the dc output voltage must be 
larger than the peak line-to-line voltage to control the ac line current.
This limit was also described by Ooi et al [2], who referred to it as the ‘current 
distortion limit’. This limit refers to the minimum level of capacitor voltage 
required to force the supply currents through the line inductances so as to follow 
the references.
Ooi also describes the loss of control limit [2] which refers to the minimum level
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o f  capac ito r vo ltage  requ ired  to  ensure  tha t the  free-w heeling  d iodes in  the 
rec tifie r b ridge  are reverse  b iased. T his lim it is no t considered  here as, w ith  
supp ly  cu rren ts  flow ing , the  sw itch ing  opera tion  w ill ensure  tha t the  d iodes w ill be 
reverse  b iased  by the  dc bus voltage.
4.4.5 Selection of Switching Modes
A s d iscussed  in  C hap ter 4 .3 , the  tra jecto ries tha t define a reg ion  enclosing  a 
m ain ta inab le  opera ting  po in t are those tha t can  be u tilised  to  m ain ta in  the orig inal 
opera ting  cond itions. T herefore , the  position  o f  a m ain ta inab le  rec tifie r opera ting  
p o in t in  the  hexagon  defined  by the tra jecto ries w ill ind icate  the sw itch ing  m odes 
th a t can  be u tilised  to achieve stable control. I f  E  is a ligned  w ith  a sw itch ing  
v ec to r and  the  opera ting  po in t is m ain ta inab le  then  (in  the curren t p lane) the 
opera ting  p o in t w ill be inside the hexagon  and  can  be m ain ta ined  using  an active 
sw itch ing  m ode  and  a zero  sw itch ing  m ode.
Figure 28 Selection of switching modes (E aligned with S)
I f  E  is n o t a ligned  w ith  a  sw itch ing  vecto r and the opera ting  po in t is m ain ta inab le  
th e n  the  opera ting  p o in t w ill be  inside the  hexagon  and can  be m ain ta ined  using
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tw o  active  sw itch ing  m odes and  a zero sw itch ing  m ode. The sw itch ing  m odes 
w ith  vecto rs  ad jacen t to  E  are the  m odes tha t define the triang le  tha t encloses the 
opera ting  poin t.
Figure 29 Selection of switching modes (E not aligned with S)
I f  the  opera ting  po in t is no t m ain tainable, the sw itch ing  m odes ad jacen t to E  can 
be u tilised  to reach  a m ain ta inab le  operating  point.
4.5 Summary
T he rec tifie r ta rget represen ts target values for the  state variab les; tha t is for the 
capac ito r vo ltage  and supply  current. The target selected  is requ ired  to m eet the 
con tro l a im s o f  s inusoidal supply  currents at unity  pow er facto r and also to  allow  
stab le  con tro l o f  the  state variables. The target value o f  capacito r vo ltage is 
specified  by the requ irem ents o f  the  system  and is a constant. The ta rge t value o f  
the  ou t o f  phase  curren t (iq) is zero in  order to achieve unity  pow er factor. A n 
assessm en t o f  the  rec tifie r m ain ta inab ility  has been  conducted  to a llow  selection  
o f  ta rge t va lues for in  phase curren t (id).
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The operating points in the (i, vcap) space have been classified as maintainable or 
unmaintainable. The selection of a target operating point that is maintainable will 
allow stable control of the rectifier state variables. If the target selected is 
unmaintainable then it will not be possible to achieve stable control at that point.
Rectifier maintainability has been assessed based on the position of the operating 
points relative to the regions defined by the rectifier trajectories. The trajectories 
define a hexagon in a plane in the (i, vcap) space. When the criteria for 
maintainability are related to points in the (Zoid, vcap) plane, it is shown that 
maintainable points are those on the line through the centre of the circular active 
mode trajectories and above the circle centre. The target value of id is thus 
selected to be a point on the line of maintainable points.
It is possible to achieve stable control at a maintainable operating point by 
switching between the two switching modes adjacent to the supply voltage vector 
(or a single mode if it is aligned with the supply voltage vector) and the zero 
switching mode. In the following chapter control rules are discussed which are 
used to select which of these modes to apply at each control instant.
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CHAPTER 5
CONTROL OF THE HIGH-FREQUENCY
RECTIFIER
5.1 Introduction
The control techniques reviewed in Chapter 1 tend to overlook the overall form of 
the switching trajectories and use target trajectories chosen without a close 
examination of the full capability of the system. In this chapter control strategies 
are presented that are based on the detailed examination presented in previous 
chapters.
Control of the rectifier involves measuring the actual supply currents and 
capacitor voltage, and comparing them to target values. A switching mode is then 
selected based on a set of rules to force the variables to reach the target and to 
follow the target as it moves. Important consideration must be given to the choice 
of target and the control rules used to reach and stay at the target.
The maintainability criteria can be used to choose a target that allows unity power 
factor and stable control to be achieved as discussed in Chapter 4. Stable control 
of the state variables at a maintainable target point is possible by utilising the 
shape of the system trajectories. In this chapter, four control strategies are 
presented which take advantage of the shape of the circular and straight line 
trajectories
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The control rules that have been developed are described in this chapter and they 
are used for the selection of the switching mode to be applied in each control 
cycle. It was shown for the dc source circuit in Chapter 2 that stable control at 
certain operating points is possible using the shape of the active and zero mode 
trajectories. Similar trajectories are possible for the three-phase rectifier as shown 
in Chapter 3.4.3. This chapter thus considers control strategies which utilise the 
shape of the system trajectories.
Control of the rectifier under steady-state conditions (constant output current) is 
analysed, and the previous assumption that the rectifier output current is constant 
is removed to allow transient conditions (variable output current) to also be 
considered. Simulations allow the control strategies presented to be assessed on 
the basis of:
• variation of the state variables from the target values, particularly capacitor 
voltage;
• speed of response to changes in the target values under transient conditions.
The simulations presented are all conducted with a variable (rotating) supply 
voltage; that is, the assumption of constant supply voltage is removed.
The choice of rectifier target was discussed in Chapter 4 and a review is presented 
in this chapter which considers how the target is affected by variations in supply 
voltage and output current. The chapter then covers aspects of the rectifier control 
that are common to all of the strategies considered. An overview of each of the 
control strategies includes a description of the control rules applied, a selection of 
simulation results and an analysis of the control performance. Additional
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simulations for each strategy are presented in Appendix E. The chapter concludes 
with a summary and comparison of performance.
5.2 Choice of Target
As discussed in Chapter 4, for a practical system the target values of the capacitor 
voltage and supply current will be given by:
• The capacitor voltage is given by the system. For example, the required dc 
bus voltage of the circuit might be specified as 700V.
• Since unity power factor is required, the component of the supply current out 
of phase with the supply voltage (iq) is equal to zero.
• The component of the supply current in phase with the supply voltage (id) 
will be given by the maintainability criteria.
In previous chapters the supply voltage and output current have been assumed 
constant. In this chapter these assumptions are no longer applied. Under 
conditions of variable supply voltage and output current the capacitor voltage and 
out of phase current targets will remain constant, though the effect on the in phase 
current target must be considered.
The target value of id is given by Equation 41 which is reproduced below:
v iJ  CQD
l,, =
cap out
(49)
The above equation shows that the target value of id is unchanged by variations in 
the supply voltage, as the magnitude of the supply voltage vector (|e|) is a constant.
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F o r a g iven  ta rg e t v cap, the  ta rg e t va lue  o f  id changes w ith  varia tions in  the  o u tpu t 
curren t. T he ta rg e t va lue  o f  id is g iven  g raph ically  by the  line th ro u g h  the centre  
o f  th e  ac tive  m ode  tra jec to ries  (as d iscussed  in  C hap ter 4 .4 .2 .3 ) at a po in t 
co rresp o n d in g  to  the  g iven  ta rg e t v cap. A s the ou tpu t cu rren t changes, the  ta rge t 
va lue  o f  id changes a lso , as show n  in  the  exam ple  in  F igure  30.
Increasing 
output current
Figure 30 Change in target with variable output current
5.3 Overview of Control
A  n u m b er o f  d iffe ren t con tro l stra teg ies have been  developed  and  these  are 
d iscu ssed  in  C hap ters  5.4 to 5.7. A ll o f  these stra teg ies are based  around  the 
con cep t o f  u sing  the  shape o f  the  c ircu lar and stra igh t line tra jec to ries  to  ach ieve  
stab le  con tro l. T he tra jec to ries  also  p rov ide  the m eans for defin ing  con tro l ru les 
in  the  fo rm  o f  sw itch ing  boundaries th a t are s tra igh t-fo rw ard  to  apply  and  easy to 
rep re sen t graphically . S ince the  aim  is to  con tro l iq equal to zero , the  focus o f  the 
fo llo w in g  chap ters is on  the  (Zoid, v cap) p lane. In all o f  the  d iscussions the active 
m o d e  tra jec to ries  are p resen ted  as circ les, tho u g h  they  m ay  rep resen t a
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combination of trajectories from two adjacent active modes.
There are two aspects to the rectifier control implementation:
1. When the operating point is at the target and there is no change in iout it is 
necessary to maintain the values of the state variables as closely as possible to the 
target values. This control phase is referred to here as operating under steady-state 
conditions, although there will be some variation in the state variables with the 
switching operation.
2. When a change in output current occurs it is necessary to quickly reach a new 
maintainable target point while minimising capacitor voltage variation. This 
control phase is referred to here as operating under transient conditions.
In all further discussions for the rectifier circuit, transient conditions refer to 
changes in output current. When the supply voltage is variable, the target supply 
current vector rotates with the supply voltage vector. Therefore even under steady 
state conditions the supply current vector target in the stationary reference frame 
changes slowly with time.
The discussion of the selection of switching modes in Chapter 4.4.5 showed that 
under steady state conditions it is possible to remain close to a maintainable 
operating point using a combination of active and zero switching modes. The 
modes selected are those for which the trajectories define a region enclosing the 
operating point. When the supply voltage is aligned with an active mode 
switching vector the operating point is maintained using the active mode and a 
zero mode. When the supply voltage is not aligned with a switching vector the 
operating point is maintained using the zero mode and the active modes adjacent
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to  th e  supp ly  vo ltage  vector. T he rec tifie r con tro l s tra teg ies p resen ted  p ro v id e  sets 
o f  ru les  th a t can  be app lied  to  determ ine  w hether to  app ly  an active sw itch ing  
m o d e  o r a  zero  sw itch ing  m ode  at each  sw itch ing  instant.
W h en  it is d e term ined  th a t an  active m ode shou ld  be app lied , the actual m ode 
u tilised  w ill be  the  one ad jacen t to  e w h ich  d rives iq tow ards its ta rge t va lue  o f  
zero . T h is se lec tion  o f  active m ode is sum m arised  g raph ically  in  F igure  31. O nce 
the  segm en t in  w h ich  e lies is iden tified , the  con tro l s tra teg ies selec t the  requ ired  
ac tive  m o d e  based  on  the  sign  o f  iq. T he resu ltan t tra jecto ry  w ill be a w eigh ted  
co m b in a tio n  o f  tra jec to ries  w ith  zero  nett d rift o f  iq (under steady  state 
cond itions).
-010 -no
Figure 31 Active switching mode selection
S im u la tio n  resu lts  fo r each  con tro l stra tegy  are p resen ted  in  th is chap ter fo r the  
fo llo w in g  scenarios:
•  S teady  state  opera tion  w ith  fu ll rec tifie r ou tpu t current.
T ransien t opera tion  for a  step  change in  ou tpu t cu rren t from  zero  to full
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current.
Though the rectifier output current is intended to represent the current drawn in 
the converter by an inverter bridge and load, it is unlikely that the actual current 
would be a constant at full current or a step from no load to full load. These 
scenarios have been considered because they allow the rectifier performance to be 
assessed under relatively extreme operating conditions.
The characteristics of the system simulated are discussed in full in Appendix E. In 
summary, the system has a switching frequency of 10kHz, a dc bus voltage of 
700V and a very small dc bus capacitor (20qF). The simulations have been based 
on the rectifier equations presented in Appendix C to give the change in capacitor 
voltage and supply currents over each control cycle. While the supply voltage 
vector is advanced at the start of each control cycle, the use of these equations 
assumes that the supply voltage is constant during each cycle. While this 
assumption is not strictly true, as discussed in Chapter 3.4 the supply voltage 
changes little (1.8°) in a control cycle and the use of these equations simplifies the 
simulation somewhat.
5.4 Method 1: Optimal Control Strategy
The optimal control strategy is represented by the switching boundaries illustrated 
in Figure 32. Variables labelled with * represent target values.
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Figure 32 Optimal control switching boundaries
A s in d ica ted  by  the  key  in  F igure  32, the  p o in t labelled  T ’ rep resen ts  the  ta rge t 
v a lu es  o f  v cap and  Zoid- T he p o in t labelled  ‘C ’ rep resen ts  the centre  o f  the  active 
m o d e  tra jec to ries.
T he ta rg e t is a  p o in t on  the  line  o f  pow er balance, above the centre  o f  the  active 
m o d e  tra jec to ries. T he sw itch ing  boundaries are g iven  by the active and  zero  
m o d e  tra jec to ries  th a t pass th ro u g h  the  ta rge t po in t. B elow  the  line o f  pow er 
b a lan ce  the  active  m ode tra jec to ry  form s the  boundary ; i f  the  opera ting  po in t is 
in s id e  the  sem i-c irc le  the  zero  m ode is applied , i f  it is ou tside  an active  m ode  is 
app lied . A b o v e  the  line  o f  p o w er ba lance  the  zero  m ode  tra jecto ry  fo rm s the 
boundary ; i f  the  opera ting  p o in t is b e lo w  the  boundary  the  zero  m ode  is app lied , i f  
it is above  an  ac tive  m ode  is applied . A s a resu lt o f  these  ru les, the  opera ting  
p o in t w ill genera lly  e ither fo llow  a c ircu lar pa th  un til the  ta rge t can be reached  on 
a s tra ig h t line  tra jec to ry , o r fo llo w  a stra igh t line  tra jecto ry  u n til th e  ta rg e t can  be 
reach ed  on  a c ircu la r path .
A ssu m in g  th a t the  state  variab les are in itia lly  at the  ta rg e t va lues, u n d e r steady
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s ta te  con d itio n s  it is d esirab le  th a t the  n e t change o f  p o w er du ring  o p e ra tio n  is 
zero  and  so it is n ecessary  to  spend  s im ila r am oun ts o f  tim e  on e ither side o f  the  
lin e  o f  p o w e r balance .
F igu re  33 show s h o w  the  shape  o f  the  tra jec to ries  a llow s stab le  con tro l du ring  
s teady -sta te  opera tion . T he am oun t o f  d ev ia tion  o f  the  state  variab les from  the 
ta rg e t d epends on  the  sw itch ing  frequency  and  the in itia l cond itions.
T ran s ien t cond itions  occur w hen  the  o u tpu t cu rren t changes and  the  a im  is to 
m o v e  to  a  n ew  m ain ta inab le  target. It is generally  necessary  to  e ither pu t energy  
in to  o r take  energy  ou t o f  the  system  and, as a resu lt, the  con tro l stra tegy  w ill 
re su lt in  the  opera ting  p o in t be ing  m ain ly  on  one side o f  the  line o f  p o w er ba lance  
o r th e  o the r un til the  ta rg e t is reached .
U n d e r tra n s ien t cond itions  the  con tro l stra tegy  also uses the  sw itch ing  boundaries 
sh o w n  in  F igu re  32. E xam ples  o f  the  resu ltan t tra jec to ries  are show n  in  F igure  34.
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Figure 34 Optimal control transient operation
(a) output current decrease, (b) output current increase
F o r th e  exam ples  p resen ted  in  F igure  34, the  p o in ts  labelled  ‘O ’ rep resen t the 
in itia l opera ting  p o in t (or o rig inal ta rge t) and  the  p o in ts  lab e lled  T ’ rep re sen t the  
n e w  ta rg e t va lues o f  v cap and  Zoid- F igure  34 show s th a t the  opera ting  po in t 
fo llo w s a  c ircu la r p a th  un til th e  ta rg e t can  be reached  on  a s tra igh t line  tra jec to ry  
(exam ple  (a)), and  fo llow s a  s tra igh t line tra jecto ry  un til the  ta rge t can  be reached  
on  a  c ircu la r p a th  (exam ple  (b)).
5.4.1 Simulations
M atlab  s im u la tions  have  been  conducted  fo r a nu m b er o f  scenarios o f  s teady  state 
an d  tra n s ien t opera tion . T hese  are p resen ted  in  detail in  A p pend ix  E. E xam ples
are p re sen ted  in  F igu res 35 and  36.
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Figure 35 Optimal control simulation -  steady state conditions - full load
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(i) 
(d) Graph of ia versus time
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Figure 36 Optimal control simulation -  transient conditions -  output current stepping up
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(i)
(d) Graph of ia versus time
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The simulations show that under steady state conditions the average value of the 
variables vcap, id and iq are equal to the target. This confirms that the target point 
is maintainable and that stable control is possible. It can be seen in Figure 35(a) 
that the shape of the trajectories is being utilised to maintain the state variables 
close to the target values. In this example the output current is large and therefore 
it represents the worst case performance in terms of capacitor voltage variation at 
steady state. For the example presented in Figure 35 the capacitor voltage varies 
from the target by approximately ±100V. Figure 35(b) shows that the supply 
current vector is rotating in order to keep the supply currents in phase with the 
supply voltages.
Under transient conditions a new target value of id is calculated when a change in 
output current occurs and the control strategy aims to reach the new target. In the 
example shown in Figure 36 the output current steps from OA to 10A in a single 
cycle. Therefore the target in the (Zoid, vcap) plane moves from the point (0,700) to 
(357,700) and the state variables move from the original target to the new one in 
approximately 22 switching periods (2.2ms). The minimum capacitor voltage 
reached during the transient phase of operation is 450V.
This review of the performance of the optimal control strategy highlights that this 
method of control has advantages and disadvantages. It is referred to here as an 
optimal control strategy as it has a very high speed of response, but it can be seen 
in Figures 35 and 36 that the speed of response is achieved at the expense of 
capacitor voltage and in phase current variation. There is a trade-off involved and 
if tighter voltage and current control is required then a decrease in the speed of 
response will result.
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For a given capacitor value, the amount of deviation of the capacitor voltage from 
the target under steady state conditions depends on the output current and the 
switching frequency. The capacitor voltage reached under transient conditions 
also varies with the output current.
It is possible to apply weighting factors to the capacitor voltage and supply 
currents to reduce the variation of one at the expense of the other. By doing this 
the advantage of easy computations due to the shape of the circular trajectories is 
lost.
5.5 Method 2: Hysteresis Control
It is possible to improve the performance of the optimal control scheme, in terms 
of reducing variations in capacitor voltage and supply currents, by modifying the 
switching boundaries. At some operating points in the (Zoid, vcap) plane the 
optimal control strategy would apply a zero switching mode when it would be 
better if an active mode were applied instead, and vice versa. In the example 
shown in Figure 37, at operating point ‘A’ the optimal control strategy would 
select a zero switching mode (to Bl), when applying an active switching mode 
would drive the state variables closer to the target (to B2).
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Figure 37 Possible trajectories
B y inc lu d in g  ‘n e g a tiv e ’ hysteresis bands on  the  boundaries the  varia tion  o f  the 
state  va riab les  is reduced . T he hysteresis bands are show n  in  F igure  38 below . 
T he b o undaries  have been  m oved  by h a lf  the  d istance trave lled  in a  sing le  cycle.
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Figure 38 Hysteresis bands
T he change in  the  state  variab les in  a  single contro l cycle is m u ch  greater on 
a p p lica tio n  o f  a  zero  sw itch ing  m ode than  it is fo r an  active sw itch ing  m ode. 
(N o te  th a t F igu re  38 is no t d raw n  to  scale). A s a resu lt it is su ffic ien t to  inc lude  a 
hyste resis  b an d  only  w hen  sw itch ing  from  zero  sw itch ing  m odes to  active 
sw itch ing  m odes. A lso , for ease o f  com puta tions, the  hysteresis  band  is assum ed  
to  be  c ircu lar. T he m o d ified  sw itch ing  boundaries are show n  in  F igure  39.
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Figure 39 Modified switching boundaries
T he rad iu s  o f  the  boundary  has b een  reduced  by h a lf  o f  the  d istance  trave lled  in  a 
sing le  zero  m ode  sw itch ing  cycle:
ARadius = — 
2 A A  +  (z o dii) (50)
5.5.1 Simulations
M atlab  s im u la tions  have  been  conducted  for a  nu m b er o f  scenarios o f  steady  state 
an d  tran s ien t opera tion . T hese are p resen ted  in  detail in  A p pend ix  E. E xam ples  
are  p re sen ted  in  F igu res 40 and  41.
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Figure 40 Hysteresis control simulation -  steady state conditions - full load
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(]) 
(d) Graph of ia versus time
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Figure 41 Hysteresis control simulation -  transient conditions -  output current stepping up
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(|)
(d) Graph of ia versus time
0
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The simulations show that, in terms of variation in capacitor voltage and supply 
current, the hysteresis control strategy performs better than the optimal strategy. 
The improvement in performance is particularly clear when the results for the 
example of transient conditions (Figures 36 and 41) are compared.
Under steady state conditions the average value of the variables vcap, id and iq are 
equal to the target. The capacitor voltage varies from the target by approximately 
±60 V, or less than ±10% of the target value.
Under transient conditions the output current undergoes a step change of 10A in a 
single cycle and the state variables move from the original target to the new one in 
14 switching periods (1.4ms). In this example the hysteresis control strategy 
shows a significant improvement in speed of response compared to the optimal 
strategy due to the improved accuracy in reaching the new target. The minimum 
capacitor voltage reached during the transient phase of operation is 500V.
5.6 Method 3: Chatter Control
The two control methods described previously result in large variations in the state 
variables and fast response under transient conditions. It is possible to achieve 
smaller variations in the state variables if a slower speed of response can be 
tolerated. Chatter control is a strategy which results in a trade off between the two 
extremes.
For the chatter control strategy, either a circular path or a straight line trajectory is 
followed until the line of power balance is reached. A combination of straight and 
circular trajectories are then used to “chatter” down one side of the line of power
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balance . C on tro l u n d er tran s ien t cond itions is illu stra ted  in  F igure  42.
(a) output current decrease (b) output current increase
Figure 42 Chatter control transient operation
Since  a change in  p o w er in to /ou t o f  the  capacito r is occu rring  du ring  the  tran s ien t 
phase , the  opera ting  p o in t m oves dow n  one side o f  the  line o f  pow er ba lance  to 
d ecrease  id, and  up  the  o ther side to  increase  id (put p o w er in).
T h is  con tro l stra tegy  uses the  speed  o f  the  op tim al con tro l stra tegy  to reach  the 
line  o f  p o w er balance.
T he  chatter con tro l stra tegy  is rep resen ted  by the  sw itch ing  boundaries illu stra ted
in  F igu re  43.
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Figure 43 Chatter control switching boundaries 
T he  p o in t lab e lled  ‘T ’ rep resen ts  the  ta rge t va lues o f  v cap and  Zoid-
T he  ta rg e t is a p o in t on  the  line o f  pow er balance , above the centre  o f  the  active 
m o d e  tra jec to ries . T he sw itch ing  boundary  is a  line  para lle l to  the  line o f  p o w er 
b a lan ce  and  o ffse t by  an  am oun t tha t depends on  the value  o f  v cap com pared  to the 
ta rge t. A s sh o w n  in  F igure  43, i f  v cap is too  h ig h  com pared  to the  ta rge t th en  the 
sw itch in g  b o undary  is m o v ed  up, and  the resu ltan t tra jec to ry  chatters above the 
line  o f  p o w er balance , reduc ing  v cap. I f  v cap is too  low  com pared  to  the  ta rge t then  
the  sw itch ing  b o undary  is m oved  dow n, and  the resu ltan t tra jec to ry  chatters  be low  
the  line  o f  p o w er balance , increasing  v cap. U nder steady  state  cond itions, w hen  
v cap is c lose  to  the  target, the  sw itch ing  boundary  is such  tha t stab le  con tro l at the 
ta rg e t is possib le .
A s d iscu ssed  in  C hap ter 5.5, the  change in  the  state  variab les in  a sing le  con tro l 
cycle  is g rea ter on  ap p lica tio n  o f  a  zero  sw itch ing  m ode th an  it is fo r an  active 
m ode. T h erefo re  the  sw itch ing  b oundaries  are o ffse t to  take  in to  accoun t
Chapter 5: Control o f the High-Frequency Rectifier 80
hysteresis . T he  m o d ified  sw itch ing  b oundaries  are illu s tra ted  in  F igu re  44.
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Figure 44 Chatter control switching boundaries with hysteresis
D ue to  the  s im ple  natu re  o f  the  sw itch ing  boundaries th is  con tro l s tra tegy  is 
s tra ig h t-fo rw ard  and  com pu ta tionally  e ffic ien t to  im plem ent.
5.6.1 Simulations
M atlab  s im u la tions  have  been  conducted  fo r a  nu m b er o f  scenarios o f  steady  state 
an d  tran s ien t opera tion . T hese  are p resen ted  in  detail in  A ppend ix  E. E xam ples
are  p re sen ted  in  F igu res 45 and  46.
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Figure 45 Chatter control simulation -  steady state conditions - full load
(a) Graph of vcap versus Z0id (b) Graph of Re(i) versus Im(i)
(c) Graph of vcap versus time (d) Graph of ia versus time
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Figure 46 Chatter control simulation -  transient conditions -  output current stepping up
(a) Graph of vcap versus Z0id (b) Graph of Re(i) versus Im(p
(c) Graph of vcap versus time (d) Graph of ia versus time
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The simulations show that, in terms of variation in capacitor voltage and supply 
current, the chatter control strategy is capable of improved performance compared 
to the previously discussed strategies.
Under steady state conditions the average value of the variables vcap, id and iq are 
approximately equal to the target. The capacitor voltage varies from the target by 
approximately +40V and -60V, or less than ±10% of the target value.
Under transient conditions the output current undergoes a step change of 10A in a 
single cycle and the state variables move from the original target to the new one in 
28 switching periods (2.8ms). The minimum capacitor voltage reached during the 
transient phase of operation is 546V.
The chatter control strategy has a slower speed of response than the strategies 
presented previously, but the variation in the state variables is considerably less. 
For example, the deviation of the capacitor voltage from the target during the 
transient was almost 50V less than for the hysteresis strategy.
5.7 Method 4: Simple Control Strategy
The simple control strategy has been derived from the optimal control strategy.
The semi-circular switching boundary has been removed and therefore an active 
switching mode is selected whenever the operating point is below the line of 
power balance. The simple control strategy is represented by the switching 
boundaries illustrated in Figure 47.
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Figure 47 Simple control switching boundaries
D ue to  the  sim ple  na tu re  o f  the  sw itch ing  boundaries th is  con tro l stra tegy  is 
s tra ig h t-fo rw ard  to  im p lem en t.
5.7.1 Simulations
M atlab  s im u la tions  have  been  conducted  fo r a nu m b er o f  scenarios o f  steady  state 
an d  tran s ien t opera tion . T hese  are p resen ted  in  detail in  A ppend ix  E. E xam ples
are  p re sen ted  in  F igu res 48 and  49.
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Figure 48 Simple control simulation -  steady state conditions - full load
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(i) 
(d) Graph of ia versus time
Time Time
Figure 49 Simple control simulation -  transient conditions -  output current stepping up
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of Re(i) versus Im(i)
(d) Graph of ia versus time
0
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The simulations show that, in terms of variation in capacitor voltage and supply 
current, the simple control strategy performs as well or better than the hysteresis 
strategy.
Under steady state conditions the average value of the variables vcap, id and iq are 
approximately equal to the target. The capacitor voltage varies from the target by 
approximately +55V and -60V, or less than ±10% of the target value.
Under transient conditions the output current undergoes a step change of 10A in a 
single cycle and the state variables move from the original target to the new one in 
28 switching periods (2.8ms). The minimum capacitor voltage reached during the 
transient phase of operation is 546V.
The simple control strategy gives results similar to those for hysteresis control but 
the strategy is much simpler to implement.
5.8 Comparison
A comparison of the performance of the four control strategies under steady state 
conditions with full load is presented in Table 1. The comparison is based on the 
variation from the target of the capacitor voltage and supply current.
Control Strategy vcap variation id variation
Optimal ± 100 V ± 10 A
Hysteresis ±60 V + 5 A and -  8 A
Chatter +40 V and -60 V ±5 A
Simple +55 V and -60 V + 5A and -  8 A
Table 1 Comparison -  steady state conditions - full load
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A comparison of the performance of the control strategies under transient 
conditions for a step increase in output current is presented in Table 2. The 
comparison is based on the maximum deviation of the capacitor voltage from the 
target during the transient phase of operation and the response time.
Control Strategy Maximum vcap deviation 
during transient
Response
Time
Optimal 250 V 2.2ms
Hysteresis 200 V 1.4 ms
Chatter 154 V 2.8 ms
Simple 154 V 2.8 ms
Table 2 Comparison -  transient conditions -  output current stepping up
The optimal control strategy results in a large variation of the state variables from 
the target. The speed of response to a transient is good though additional cycles 
can be needed to achieve the state variables close to the target values.
The hysteresis strategy is a modified version of the optimal strategy where the 
speed of response to a transient is maintained, and actually improved by 
improving the ability of the strategy to closely reach the target. This also leads to 
a reduction in variation of state variables. When comparing the position of the 
operating point to the switching boundaries, the hysteresis strategy is 
computationally more difficult.
The above results indicate that the chatter control strategy performs best in terms 
of variation of the state variables from the target. The trade-off is an increase in 
the speed of response. When compared to the hysteresis strategy, the speed of 
response of the chatter strategy has doubled for the large step change in output
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current. The chatter strategy is straight-forward to implement.
The simple control strategy produces similar results to the chatter strategy during 
transient conditions and similar results to the hysteresis strategy during steady 
state conditions. This strategy is the simplest to implement.
Further consideration of the chatter control strategy for rectifier control is given 
here due to the superior performance under steady state conditions and the ease of 
implementation. While the performance under transient conditions is also 
important, as shown in the following chapter the average rectifier output current 
under typical operating conditions more closely resemble the steady state 
operation. Additional simulation results for the chatter strategy for steady state 
full load operation are presented below. Figures 50 and 51 are graphs of the 
supply currents and supply voltages versus time which show that the supply 
currents are controlled to be in phase with the supply voltages as required.
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Figure 50 Chatter control simulation -  supply currents
Figure 51 Chatter control simulation -  supply voltages
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F igu re  52 show s a g raph  o f  the  capac ito r vo ltage  versus tim e  as w ell as a 
h a rm o n ic  spec trum  fo r the  w avefo rm . T he spec trum  show s the  large  dc 
co m p o n en t o f  the  capac ito r v o ltage  w aveform .
Frequency
Figure 52 Chatter control simulation
(a) Graph of vcap versus cycle
(b) Harmonic spectrum -  capacitor voltage
F igu re  53 show s a g raph  o f  one o f  the  supply  curren ts versus tim e  and  a harm on ic  
sp ec tru m  fo r the  w av efo rm  w h ich  show s the 50H z supp ly  frequency  and  10kH z
sw itch in g  frequency  com ponents.
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Figure 53 Chatter control simulation
(a) Graph of ia versus cycle
(b) Harmonic spectrum -  supply current
A s m en tio n ed , a tra d e o ff  ex ists be tw een  the perfo rm ance  u n d er tran sien t 
cond itio n s  (speed  o f  response) and  under steady  state cond itions (v aria tion  o f  state  
va riab les). T he op tim al con tro l stra tegy  has b een  p resen ted  as a  con tro l s tra tegy  
capab le  o f  a very  h igh  speed  o f  response . T hough  these  m o d ifica tions  have  not 
b een  co nsidered  in  th is  report, it is possib le  to increase  fu rther the  speed  o f  
re sp o n se  u n d er tran s ien t cond itions i f  varia tions o f  the  out o f  phase  cu rren t (iq) 
fro m  th e  ta rg e t can  be to lera ted . O ne such  strategy, w h ich  u tilises space  vecto r 
con tro l, has b een  p re sen ted  by  C hoi and  Sul [16] and  is called  m in im u m  tim e 
cu rren t con tro l. T h is con tro l stra tegy  determ ines the  optim al vo ltage  to d rive the 
supp ly  cu rren t v ec to r to  the  re ference  in  the  m in im u m  am oun t o f  tim e.
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5.9 Summary
It can be seen in the examples presented that the control strategies developed 
utilise the shape of the rectifier trajectories to maintain the state variables close to 
the target values during steady state conditions, and to reach the target under 
transient conditions. For the chatter control strategy the maximum variation in 
capacitor voltage is less than ±10% of the target value for steady state conditions 
at full load. This example represents the worst case performance in terms of 
capacitor voltage variation under steady state conditions. As an example of 
control under transient conditions, a step change in the output current is 
considered. The chatter control strategy is shown to have a slower speed of 
response than other strategies considered though the variation in the state variables 
is reduced under these conditions also.
The examples presented show that the supply current vector rotates in order to 
keep the supply currents in phase with the supply voltages.
By comparing the various control strategies developed, it can be seen that a fast 
speed of response is achieved at the expense of capacitor voltage and in phase 
current variation. There is a trade-off involved and if tighter voltage and current 
control is required then a decrease in the speed of response will result.
In the following chapter the chatter control strategy is applied to a rectifier which 
forms part of a full ac/dc/ac converter.
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CHAPTER 6
CONTROL OF THE HIGH-FREQUENCY
CONVERTER
6.1 Introduction
The rectifier control strategies presented in Chapter 5 can be incorporated into the 
control of the high-frequency converter. The rectifier control strategy is used to 
control the switching operations of the rectifier bridge in order to control the 
supply currents and the dc bus voltage. Standard inverter control can be used to 
control the inverter bridge and load currents.
In this chapter the converter control is discussed and the results of simulations 
under steady state and transient conditions are presented based on a simplified 
converter circuit.
6.2 Converter Circuit
The three phase ac/dc/ac converter considered was illustrated in Figure 4. In order 
to simulate the operation of this system, the converter circuit is simplified by 
representing the three phase induction motor as a balanced three phase RL load as 
shown in Figure 54.
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' in v
Figure 54 Simplified three phase converter
C on tro l o f  th e  rec tifie r b ridge  is based  on  the chatter con tro l stra tegy  p resen ted  in 
C h ap ter 5.6. In  the  d iscussion  o f  the  rec tifie r con tro l p resen ted  earlier, the  
re c tifie r o u tp u t cu rren t w as rep resen ted  by a cu rren t source (F igure  8). In  the  
sim u la tio n s  p resen ted  th is  cu rren t w as e ither a  constan t, a  ram p  o r a  step.
In  th e  h igh -frequency  converter the  rec tifie r ou tpu t cu rren t is the  cu rren t d raw n  by 
the  in v erte r b ridge  and  load  w h ich  w ill generally  n o t be a constan t, a ram p  or a 
step  due to  the  sw itch ing  action  o f  the  inverter bridge. T he sim ula tions p resen ted  
h e re  dem onstra te  th a t the  rec tifie r con tro l stra tegy  p roduces stab le  con tro l under 
rea lis tic  opera ting  cond itions.
C on tro l o f  th e  inverte r b ridge  is d iscussed  below .
6.3 Inverter Control
L ike the  sw itched  rec tifie r, th e  sw itched  inverter has e ight possib le  sw itch ing  
m odes. F o r each  m ode  the  vo ltage  app lied  by  the  inverte r to  the  load  can  be 
rep re sen ted  by  a  vo ltage  vecto r as illu stra ted  in  F igure  55.
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Figure 55 Inverter switching vectors
T he in v erte r is con tro lled  to  p roduce  the requ ired  cu rren t th ro u g h  the load. In 
o rd e r to  do th is  the  load  cu rren t is m easu red  and  com pared  to  a  re fe rence  value. 
T h e  in v erte r vo ltage  v ec to r V  th a t w ill p roduce  the  requ ired  change in  cu rren t is 
ca lcu la ted  u sing  the  equation  below .
V = L , ^ -  + R ,i 
~  L dt L - L L (51)
w h ere
L l =  load  induc tance
111 =  load  cu rren t vecto r
— i j e j(2*/3) +i
R l =  load  resistance
d t =  sw itch ing  tim e
T he  re su ltan t vec to r is com pared  to  the  availab le  inverter vo ltage vecto rs and the
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inverter switching mode applied is that for which the voltage vector is closest to 
the required vector (given by Equation 51).
6.4 Converter Control
The converter control incorporates the inverter and rectifier control strategies 
discussed above. The sequence of control is as follows:
• The inverter switching mode is selected based on the required change in load 
current;
• The rectifier output current is calculated;
• The rectifier switching mode is selected based on the required supply 
currents and dc bus voltage.
The inverter switching mode is selected to minimise the error between the current 
reference and the load current feedback. The rectifier switching mode is selected 
based on the rectifier output current (or link current to the inverter) which depends 
on the load currents and the inverter switching state:
hnv ~  S J l a  + S b h b + S j k  (52)
As the inverter switching mode can change at each switching instant, the link 
current can change also. The control of the rectifier is based on the average link 
current over a number of cycles (ten cycles for the simulations presented). This 
becomes the rectifier output current for the rectifier control strategy.
DC bus voltage fluctuations will result in variations in the length of the inverter 
switching vectors which were illustrated in Figure 55. In order to simplify the
Chapter 6: Control o f the High-Frequency Converter 96
simulation, the calculation of the inverter currents each cycle are based on the dc 
bus voltage at the beginning of the cycle.
6.4.1 Simulations
Simulations have been performed for the system illustrated in Figure 54 and 
described in the table below.
Supply
Supply voltage Sinusoidal 240 Vrms L-N
Supply voltage frequency 50 Hz
Supply inductance (L) 9mH
DC link capacitor (C) 20 pF
Capacitor voltage target 700 V
Load
Load current reference Sinusoidal 10 A peak
Load current frequency 75 Hz
Load inductance (L l) 33 mH
Load resistance (Rl) 34 Q
Table 3 Characteristics of three phase converter simulation circuit
Matlab simulations have been conducted for both steady state and transient 
conditions. In this case transient conditions refers to a change in the load current
reference.
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Steady State Conditions
U n d e r s teady  state  co nd itions  the  load  cu rren t re fe rence  is a s in u so id a l w av efo rm  
w ith  a c o n stan t m agn itude . T he w avefo rm s fo r the  supp ly  side and  the  rec tifie r 
a re  illu s tra ted  in  F igu re  56 as d escribed  below :
(a) C ap ac ito r v o ltage  versus in  ph ase  cu rren t (w h ich  has b een  sca led  by Zo)
(b) In  p h ase  cu rren t versu s tim e
(c) S upp ly  cu rren t vec to r
(d) S upply  cu rren t (a-phase) versus tim e 
F igu re  57 is a  g raph  o f  dc bus vo ltage  versus tim e.
Figure 56 Converter control simulation -  Steady state -  supply/rectifier waveforms
(a) Graph of vcap versus Z0id (b) Graph of id versus time
(c) Graph of Re(i) versus Im(i) (d) Graph of ia versus time
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Figure 57 Converter control simulation -  Steady state -  Graph of vcap versus time
Figure 58 Converter control simulation -  Steady state -  link current waveforms
(a) Graph of inverter link current versus time
(b) Graph average inverter link current versus time
Figure 59 Converter control simulation -  Steady state -  inverter/load waveforms
(a) Graph of iia versus time (b) Graph of Re(iL) versus Im(iL)
T he rec tifie r o u tpu t cu rren t versus tim e  is p lo tted  in  F igure  58(a), and  the  averaged  
cu rren t, w h ich  is u sed  by  the  rec tifie r con tro l strategy , is p lo tted  in  F igu re  58(b).
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The load side waveforms are plotted in Figure 59; these are the load current (a- 
phase) versus time and the load current vector.
The results show that the rectifier control scheme maintains the dc bus voltage 
close to the target value and the in phase supply current is controlled to match the 
average current into and out of the dc bus capacitor. The inverter is being 
switched to produce sinusoidal load current waveforms. The load current 
waveforms are smoother than the supply current waveforms due to the relative 
size of the line inductances. The supply inductance is smaller than the load 
inductance and as a result the supply currents react faster than the load currents. 
Some distortion of the supply current is indicated in Figure 56(d). This is due to 
the application of a zero switching mode when the operating point is close to the 
target. By modifying the rectifier switching boundaries to incorporate hysteresis 
when the capacitor voltage is below the target it is possible to minimise this 
occurrence.
Transient Conditions -  Load Current Increase
The same set of waveforms are presented for the simulation of transient conditions 
whereby the load current reference magnitude undergoes a step change from OA to
10 A.
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Figure 60 Converter control simulation -  Transient -  supply/rectifier waveforms
(a) Graph of vcap versus Z0\d (b) Graph of id versus time
(c) Graph of Re(|) versus Im(|) (d) Graph of ia versus time
Tim e
Figure 61 Converter control simulation -  Transient -  Graph of vcap versus time
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Figure 62 Converter control simulation -  Transient -  link current waveforms
(c) Graph of inverter link current versus time
(d) Graph average inverter link current versus time
Figure 63 Converter control simulation -  Transient -  inverter/load waveforms
(a) Graph of i]a versus time (b) Graph of Re(iL) versus Im(iL)
W h en  the  tran s ien t occurs the  dc bus vo ltage  d rops to  a m in im u m  o f  167V  b e low  
the  target. T he dc bus vo ltage  and  supp ly  curren ts reach  the  new  ta rg e t in  
app ro x im ate ly  37 cycles (3 .7m S).
Transient Conditions -  Load Current Decrease
T he sam e se t o f  w avefo rm s are p resen ted  for the  sim u la tion  o f  tran s ien t cond itions 
w h ereb y  th e  load  cu rren t refe rence  m agn itude  is halved .
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Figure 64 Converter control simulation -  Transient -  supply/rectifier waveforms
(a) Graph of vcap versus ZQ\A (b) Graph of id versus time
(c) Graph of Re(i) versus Im(i) (d) Graph of ia versus time
Figure 65 Converter control simulation -  Transient -  Graph of vcap versus time
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Figure 66 Converter control simulation -  Transient -  link current waveforms
(e) Graph of inverter link current versus time
(f) Graph average inverter link current versus time
Figure 67 Converter control simulation -  Transient -  inverter/load waveforms
(a) Graph of i)a versus time (b) Graph of Re(|L) versus Im(iL)
T he resu lts  show  th a t due to  the  tran s ien t the  dc bus vo ltage  dev iates from  the 
ta rge t, p eak in g  at 180V  above the  target. The fast speed  o f  response  o f  the  
re c tifie r b rings  the  dc bus vo ltage  and supply  curren ts back  to the  ta rge t in 
ap p ro x im ate ly  18 cycles (1 .8m S).
A s m en tio n ed  earlier, the  steady  state varia tion  in  dc bus vo ltage  depends on  the 
rec tifie r o u tp u t curren t. T h is is illu stra ted  clearly  in  F igure  65 w here  the  vo ltage  
rip p le  is g rea ter befo re  the  tran s ien t th an  it is after.
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6.5 Conclusion
Simulations have been presented which show that the chatter rectifier control 
strategy can be incorporated into the control of a full ac/dc/ac converter. Stable 
control of the state variables under steady state conditions has been achieved with 
the dc bus voltage remaining within ±14% of the target for a very small (20juF) 
bus capacitor.
Under transient conditions the simulations have shown that the control strategy 
quickly moves the state variables to the new target. For the transient conditions 
considered, the speed of response was in the order of just a few milliseconds.
A simple vector based control strategy has been implemented for the inverter 
control which is switched to produce sinusoidal load current waveforms. The load 
current waveforms are smoother than the supply current waveforms due to the
relative size of the line inductances.
105
CHAPTER 7
CONCLUSION
An analysis of the three phase switched rectifier has allowed the development of 
rectifier control strategies that utilise the shape of the system trajectories to 
achieve stable control at the target.
The analysis of the trajectories for the state variables and application of them to 
control were introduced for a simple dc source circuit in Chapter 2. In this case 
the active mode trajectories were found to be circular and the zero mode 
trajectories straight lines. A balance of power occurs on the line through the 
origin and the centre of the circular trajectory. For operating points on the line of 
power balance and above the centre of the circular trajectories stable control is 
possible by taking advantage of the shape of the circular and straight line 
trajectories.
An analysis of the three phase ac/dc rectifier, which was based on a simplified 
circuit with constant supply voltage and output current, showed that the active 
mode trajectories for the rectifier state variables are helical. The direction and rate 
of drift for the helices is proportional to the component of the supply current 
vector perpendicular to the supply voltage vector. The height of the centre of the 
trajectory above the current plane is proportional to the component of the supply 
current vector parallel to the supply voltage vector.
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For the case where the supply voltage vector is aligned with a rectifier switching 
vector, the drift of the trajectory is zero and the trajectory becomes a circle in the 
dc bus voltage and in phase current plane. It has also been shown that it is 
possible to achieve circular trajectories for any position of the supply voltage 
vector by using a combination of the switching modes adjacent to the supply 
voltage vector.
The zero mode trajectories have been shown to be straight lines perpendicular to 
the line through the centre of the active mode trajectories.
Rectifier control strategies have been developed which take advantage of the 
shape of the circular and straight line trajectories.
The first stage of the control has involved the selection of target values for the 
state variables; that is for the capacitor voltage and supply current. The selection 
of the target has been based on the control aims which include unity power factor 
and stable control of the state variables. The target value of capacitor voltage is 
specified by the requirements of the system and is a constant. The target value of 
the out of phase current (iq) is zero in order to achieve unity power factor. An 
assessment of the rectifier maintainability has been conducted to allow selection 
of target values for the in phase current (id) which represents the magnitude of the 
supply current vector reference. Maintainability has been presented as a method 
of identification of target points which allow stable control. Rectifier 
maintainability has been assessed based on the position of the operating points 
relative to the regions defined by the rectifier trajectories. These regions have 
been shown to be hexagons in a plane in the (i, vcap) space. When the
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maintainable operating points are related to the rectifier trajectories, they are 
shown to be those on the line through the centre of the circular active mode 
trajectories and above the circle centre.
Several control strategies which take advantage of the shape of the rectifier 
trajectories to achieve stable control at maintainable points have been presented. 
These strategies are used to select the switching mode to be applied at each 
switching interval. Simulations have been presented which show that the 
strategies are capable of stable control of the rectifier both as a stand-alone unit 
and also as the input stage of an ac/dc/ac converter under steady state and transient 
conditions.
The control strategies presented have been assessed based on a fixed switching 
frequency which allows these techniques to be applied to the control of a 
converter employing a resonant dc link.
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APPENDIX A
DERIVATION OF RECTIFIER EQUATIONS
The equations for the rectifier state variables are reproduced below.
d t  L \ -  _ cap) (Al)
dVcap 1
dt ~ C
(2 \
V3~ “ l°“J (A2)
The derivation of these equations is based on Kirchhoff s Voltage Law:
dia / \
= L —  + savp + (1 -^ )1 (A3)
Similarly for eb and ec:
d ib / \
eb =  +  sbvp +  V “  sb j 1 (A4)
dz‘
ec = L - ^  + scv P + ( l - s c)i (A5)
Since
= eab +
=
substitute in for ea, eb and ec from Equations A3, A4 and A5:
^ ~ c k + S °Vp +  = e “» + L ^ d i +ShVp +  ( 1 _ 's4 1
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L ~ t + S ° v p + { l - s „ ) v N  =  L ~ ^ -  +  S CV P + { l ~ s c ) v N - e a
Adding:
eab ~ ec°= L ~[t (2i° - h - ’c) + VP {2sa ~ SI , - Sc ) - VN {2sb ~ Sb ~ Sc ) (A6)
From Kirchhoff s Current Law:
la +  h  +  h =  0
Therefore
{~h - h )  = ia
Substitute into Equation A6:
and
dig = 2 dia 
dt 3 dt
So Equation A7 becomes 
{eab - e ca) = 2 L - ^ -  + vcap(2sa -  s„ -  sc)
(A 7)
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Rearranging gives
di„ \ ( \ V cap (  \
=  W 7 \ e ab - e ca ) - ^ - [ \ 2 S a ~ S h ~ S c )dt 2 L (A8)
Subtract Equations A4 and A5:
e b ~ e c =  L ^ t { h  -  h )  + ViA “ s c )  -  V«(i6 - *«) (A9)
Since
eb ec ebc
and
{vp - v« ) = cap
Equation A9 becomes:
etc = L4:{h -0  + v«A ~sc)dt
Since
d  , . 2 dip
d S h V3 dt
ebc =
2 L dip 
V3 dt + Vcap{h -*<:)
Rearranging gives
dip V3 [̂3 / \
e -  -  — v~-,(sb - s c)dt 2 L bc 2 L cap (A10)
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Equations A8 and A10 can be combined:
di_
d t
di a
d t + J
dip
d t
2jj ^e°b e<:a)
cap
~ i i (2 S„ - h  ~ S c) + j
A
2 L etc -  J
s
2 L cap
(All)
Let
+ jep
= ea + eheJl +ect
/— r  3
3 . s (
-- <
2 e° + J T \et ~ e c
1 s
“ 2 1\ e ab ~ e c a ) + j 2
S  = sa + j s /J
■ In  4 n
= i„ + s b e 1 ' + s c e >  ’
= | ( 2^  - h  - s J + y - y L  - ^ )
Applying a vector transformation, Equation A ll becomes:
di_
d t
as required.
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From Kirchhoffs Current Law:
dv. „  cap . . . .
= c — —  =  S J „  +  s.i,  +  s i r. - icap dt a 1 a ^ b ^ b  J  c 1 c 4out (A 12)
Since:
i = —i a 3  a
i =  +
b 3 V3
i 1ra  P
h  3 S
Substitution into Equation A12 gives
C
dvcop f
dt
2
= {Re(iS) x Re(z) + Im(iS) x Im(z)}
=  —S -i — i.
Rearranging:
dVcaP. = — ( l s . f _ i  
dt CV 3 ”  " ou'
as required.
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APPENDIX B
DERIVATION OF RECTIFIER 
DECOUPLED EQUATIONS
The decoupled equations for the rectifier state variables are reproduced below.
d z  de f 2
L C ——7— =  C — :— -  —i ...— z.
d r dt V3 par 0U‘J (Bl)
d2%> 2 1 \ di.
L C — —— =  —\e„„ -  I -  L
dt2 3 ' par cap> dt (B2)
dz eperp perp
dt L (B3)
The derivation of these equations is given below. From Appendix A:
dz
dt
àvmp
dt
1 2 \
)
These equations can be expressed in terms of the projections of S, i and e parallel 
and perpendicular to S:
dzpar
dt L par
-  V cap (B4)
dzperp eperp
dt L (B5)
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dvcap 1 2
d t cW par l°*
Differentiate Equation B4:
d 2i I ( de dv ^par 1 par cap
dt: L v dt dt
Substitute Equation B6:
d z 1par i
dt: Z
1 f 2
 ̂ dt ~ ~ c W par ~ l°ul
(B6)
Rearrange:
LC-
d' par
dr
= c-depar
dt
(2
—/ —i , ̂  ̂ par °u!
Equation B5 is already decoupled:
^  perp ^  perp
dt L~
Differentiate Equation B6:
d 2vK cap
dt2
1 (2  ¿¿par
C l3  dt dt )
Substitute Equation B4:
d 2v i f  ? 1 / \ di \
dt2 "  CV3 L \ ep° '~v°°p)- dt J
Rearrange:
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d
L C -
dt
V  9cap
2 o \ ̂  par ^  cap L-
d i
dt
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APPENDIX C
RECTIFIER EQUATIONS
If it is assumed that:
• the supply voltage is constant (E)
• the output current is constant (Iout)
• the supply is balanced
Then equations for the state variables for the active switching modes are given by:
—— —  - — ^-sincot - ^ -co scot + S 
2 4 Z 2
V capO
2 Z
sin cot -  S ^ - (  1 -  cos cot)
cap0 sin cot -  S  
2 Z2 L 2 4 Z 2 2
(A  — e.^1
^ ca p \ )  — 2 (l -  cos cot) + SZi30 sin cot + vcap0 cos cot -  ZIout sin cot
where
and
A ppendix C 120
Switching Mode ii Ì2 Ì3 Ei e2 e3
001 110 ia ib ic Ea Eb Ec
010 101 ia ic ib Ea Ec Eb
100 011 lb ic ia Eb Ec Ea
S=1 S=-l
For the zero switching modes the state variables are given by:
h{‘) =
Ept
L
+ 1b 0
. / x Ect . 
' c ( t ) = ^  + ‘c 0
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APPENDIX D
TRAJECTORIES FOR VARIABLE SUPPLY
The trajectories for the high-frequency rectifier that are presented in Chapter 3 are 
based on a constant supply voltage. In this appendix, an example of the rectifier 
trajectories for a variable supply voltage are presented and discussed.
It was shown in Chapter 3 that, when the supply voltage is assumed constant, the 
active mode trajectories are helical in the (i, vcap) space. For a particular active 
switching mode, the value of the capacitor voltage along the longitudinal axis of 
the helix is equal to Epar; the component of the supply voltage vector parallel to 
the switching vector. The rate of progression of the helix is proportional to Eperp; 
the perpendicular component.
When the supply voltage is variable, Epar and Eperp vary with time. For example, 
when the supply voltage is aligned with the switching vector, Epar is a maximum 
(equal to the magnitude of the supply voltage vector) and Eperp is equal to zero. As 
Epar changes, the centre of the helix for the active mode oscillates up and down. 
The changes in Eperp result in changes in the rate and direction of progression of 
the helix.
Figure D-l shows an example of the active mode trajectories for modes 011 and 
100. As the centre of one trajectory is raising, the centre of the complementary 
mode is falling. The helices progress in one direction and then reverse. The 
trajectory for the active mode 011 is shown in additional detail in the two-
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dimensional projections in Figure D-2.
Figure D-l Trajectories for modes Oil and 100 for variable supply
Figure D-2 Active mode trajectory for mode Oil with variable supply
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W h en  th e  supp ly  v o ltage  is a ssu m ed  constan t, th e  zero  m ode  tra jec to rie s  are 
s tra ig h t lines. W ith  a va riab le  supp ly  v o ltage  the  change in  supp ly  cu rren t fo r a 
zero  m o d e  is p ro p o rtio n a l to  the  supp ly  vo ltage. A s a resu lt, th e  zero  m ode 
tra je c to rie s  b eco m e  he lices; the  p lane  o f  o sc illa tio n  is the  cu rren t p lane , and  the 
h e lices  p ro g ress  in  the  -v cap d irec tio n  at a ra te  p ropo rtiona l to  the  rec tifie r ou tpu t 
cu rren t. A n  ex am p le  o f  the  tra jec to ries  fo r a  zero  m ode  are sh o w n  in  F igu re  D -3.
x 10
¡real
x 10 x 10n
Figure D-3 Zero mode trajectory with variable supply
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APPENDIX E
RECTIFIER SIMULATION RESULTS
E.1 Introduction
The results presented in this chapter are the results of Matlab simulations. For 
each of the control strategies presented in Chapter 5 the following conditions have 
been studied:
• Steady state conditions with no output current.
• Steady state conditions with full output current.
• Transient conditions with the output current ramping up and down.
• Transient conditions with a step increase and step decrease in the output 
current.
In all of the simulations the supply is a variable 50 Hz three phase waveform.
The results presented include graphs of capacitor voltage and supply currents. For 
each scenario a table summarises the performance of the control in terms of the 
maximum capacitor voltage and in phase supply current reached. For the cases 
where the output current undergoes a step change the time taken to reach the 
vicinity of the target is presented.
E.2 Model Characteristics
The characteristics of the variable supply model are described in Table E-l.
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L 9mH
C 20pF
Capacitor voltage target 700V
Supply voltage 240Vrms L-N
Supply frequency 50Hz
Switching frequency Fixed at 10kHz
Table E-l Rectifier operating conditions -  variable supply
For the transient scenarios with a ramping output current, the rate of change of 
output current is 5A/ms.
Appendix E 126
E.3 Steady State Conditions (Zero Load)
Optimal Control (Zero Load)
200
0 0.005 0.01 0.015
Time
Re(i)
Time
Figure E-l -  Optimal control simulation - zero load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
v cap m a x im u m 768.3 id m ax im u m 9.1
v cap m in im u m 673.4 id m in im u m -9.4
Table E-2 Results
vc
ap
 
vc
ap
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Hysteresis Control (Zero Load)
ZOxid
Figure E-2 -  Hysteresis
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
Re(i)
Tim e
simulation - zero load
(b) Graph of ia versus ip 
(d) Graph of ia versus time
v cap m ax im u m 728.4 id m ax im um 5.5
v cap m in im u m 682.8 id m in im um -7.7
Table E-3 Results
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Chatter Control (Zero Load)
ZOxid Re(i)
0 0.005 0.01 0.015
Tim e
Figure E-3 -  Chatter control simulation - zero load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
vCap m ax im u m 722.0 id m ax im u m 5.5
Ycap m in im u m 675.8 id m in im u m -4.7
Table E-4 Results
B
O
A
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Simple Control (Zero Load)
ZOxid
Tim e
E-
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
Re(i)
Tim e
(b) Graph of ia versus ip
(d) Graph of ia versus time
Figure 4 -  Simple control simulation - zero load
v cap m ax im u m 728.4 id m ax im u m 5.5
v Cap m in im u m 682.8 id m in im u m -7.7
Table E-5 Results
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E.4 Steady State Conditions (Full Load)
Optimal Control (Full Load)
200 400
ZOxid
600
0 0.005 0.01 0.015
Tim e
40
20
0
-20
-40
) /s
) ^
) «t
)
50 0 50 
Re(i)
■ \ 
) iN
)
0 0.005 0.01 0.015
Tim e
Figure E-5 -  Optimal control simulation - full load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
v cap m ax im u m 803.2 id m ax im u m 30.2
v cap m in im u m 604.4 id m in im u m 10.1
Table E-6 Results
vc
ap
 
vc
ap
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Hysteresis Control (Full Load)
Time Time
Figure E-6 -  Hysteresis control simulation - full load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
v cap m ax im u m 755.2 id m ax im u m 26.1
v cap m in im u m 637.7 id m in im um 12.2
Table E-7 Results
vc
ap
 
vc
ap
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Chatter Control (Full Load)
Time Time
Figure E-7 -  Chatter control simulation - full load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
v cap m ax im u m 738.6 id m ax im u m 25.8
v cap m in im u m 638.0 id m in im u m 15.2
Table E-8 Results
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Simple Control (Full Load)
900
o 800
CUO> 700
600
500
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-8 -  Simple control simulation - full load
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
v cap m a x im u m 755.2 id m ax im u m 26.1
v cap m in im u m 637.7 id m in im u m 12.2
Table E-9 Results
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E.5 Transient Conditions (Output Current Ramping Up)
Optimal Control (Output Current Ramping Up)
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-9 -  Optimal control simulation -  output current ramping up
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Figure E-10 -  Optimal control simulation -  output current ramping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 808.3 id m ax im u m 31.5
v cap m in im u m 573.0 id m in im u m -1.1
Table E-10 Results
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Hysteresis Control (Output Current Ramping Up)
Time
40 
20 
I 0 
-20
-401----------------*----------------
-50 0 50
Re(i)
Time
Figure E -ll -  Hysteresis control simulation -  output current ramping up
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
Time Time
Figure E-12 -  Hysteresis control simulation -  output current ramping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 766.9 id m ax im u m 26.1
v cap m in im u m 614.5 id m in im u m -1.1
Table E -ll Results
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Chatter Control (Output Current Ramping Up)
40
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-13 -  Chatter control simulation -  output current ramping up
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Time
0 0.005 0.01 0.015
Time
Figure E-14 -  Chatter control simulation -  output current ramping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 732.5 id m ax im u m 25.8
v cap m in im u m 609.6 id m in im u m -2.1
Table E-12 Results
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O
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A
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Simple Control (Output Current Ramping Up)
a  n
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-15 -  Simple control simulation -  output current ramping up
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Time Time
Figure E-16 -  Simple control simulation -  output current ramping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 766.9 id m ax im u m 26.1
v cap m in im u m 614.5 id m in im u m -1.1
Table E-13 Results
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E.6 Transient Conditions (Output Current Ramp Down)
Optimal Control (Output Current Ramping Down)
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-17 -  Optimal control simulation -  output current ramping down
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-18 -  Optimal control simulation -  output current ramping down
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 805.9 id m ax im u m 20.6
v cap m in im u m 674.0 id m in im um -12.5
Table E-14 Results
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Hysteresis Control (Output Current Ramping Down)
10
3  0 
E
-10 
-20
-20 0 20
Re(i)
20
ro 0
-20
0 0 .005  0.01 0 .015
Time
Figure E-19 -  Hysteresis control simulation -  output current ramping down
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
0 .0 0 5  0.01 0 .015  
Time
0 0 .005  0.01 0 .015
Time
Figure E-20 -  Hysteresis control simulation -  output current ramping down
(a) Graph of id versus time (b) Graph of iout versus time
Vcap m a x im u m 735.5 id m ax im u m 20.6
v cap m in im u m 684.2 id m in im u m -6.9
Table E-15 Results
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Chatter Control (Output Current Ramping Down)
ZOxid Re(i)
20 
ro 0 
-20
0 0.005 0.01 0.015
Time
Figure E-21 -  Chatter control simulation -  output current ramping down
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Figure E-22 -  Chatter control simulation -  output current ramping down
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 746.1 id m ax im u m 20.6
v cap m in im u m 676.2 id m in im u m -4.9
Table E-16 Results
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Simple Control (Output Current Ramping Down)
ZOxid
Time Time
Figure E-23 -  Simple control simulation -  output current ramping down
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
Figure E-24 -  Simple control simulation -  output current ramping down
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 735.5 id m ax im u m 20.6
v cap m in im u m 684.2 id m in im um -6.9
Table E-17 Results
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E.7 Transient Conditions (Output Current Step Up)
Optimal Control (Output Current Stepping Up)
1000
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-25 -  Optimal control simulation -  output current stepping up
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
Time
Figure E-26 -  Optimal control simulation -  output current stepping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 843.4 id m ax im u m 31.8
v cap m in im u m 450 id m in im um 0
C ycles to  reach  target: 22 T im e to  reach  target: 2.2 m s
Table E-18 Results
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Hysteresis Control (Output Current Stepping Up)
Time
Figure E-27 -  Hysteresis control simulation -  output current stepping up
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-28 -  Hysteresis control simulation -  output current stepping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 759.1 id m ax im u m 26.1
v cap m in im u m 500 id m in im u m 0
C ycles to  reach  target: 14 T im e to  reach  target: 1.4 m s
Table E-19 Results
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Chatter Control (Output Current Stepping Up)
Time Time
Figure E-29 -  Chatter control simulation -  output current stepping up
(a) Graph of vcap versus ZQ\A (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
Time
Figure E-30 -  Chatter control simulation -  output current stepping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m ax im u m 734.1 id m ax im u m 25.2
v cap m in im u m 545.6 id m in im u m 0
C ycles to  reach  target: 28 T im e to  reach  target: 2.8 m s
Table E-20 Results
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Simple Control (Output Current Stepping Up)
Re(i)
Time Time
Figure E-31 -  Simple control simulation -  output current stepping up
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
0 0.005 0.01 0.015
Time
0 0.005 0.01 0.015
Time
Figure E-32 -  Simple control simulation -  output current stepping up
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 758.2 id m ax im u m 26.0
v Cap m in im u m 545.6 id m in im u m 0
C ycles to  reach  target: 28 T im e to  reach  target: 2.8 m s
Table E-21 Results
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E.8 Transient Conditions (Output Current Step Down)
Optimal Control (Output Current Stepping Down)
Time Time
Figure E-33 -  Optimal control simulation -  output current stepping down
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Time
0 0.005 0.01 0.015
Time
Figure E-34 -  Optimal control simulation -  output current stepping down
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 961.5 id m ax im u m 20.6
v cap m in im u m 676.1 id m in im u m -22.8
C ycles to  reach  target: 19 T im e to  reach  target: 1.9 m s
Table E-22 Results
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Hysteresis Control (Output Current Stepping Down)
Cl
0 5
g 500
0 0.005 0.01 0.015
Time Time
Figure E-35 -  Hysteresis control simulation -  output current stepping down
(a) Graph of vcap versus Z0id (b) Graph of ia versus ip
(c) Graph of vcap versus time (d) Graph of ia versus time
5
0 ----------------------- - ---
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10--------*------- *--------*—
0 0.005 0.01 0.015
TimeTime
Figure E-36 -  Hysteresis control simulation -  output current stepping down
(a) Graph of id versus time (b) Graph of iout versus time
v cap m a x im u m 961.5 id m ax im u m 20.6
v Cap m in im u m 673.8 id m in im u m -22.8
C ycles to  reach  target: 20 T im e to  reach  target: 2 .0  m s
Table E-23 Results
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Chatter Control (Output Current Stepping Down)
CL(0O>
CL
0 3O>
Time Time
Figure E-37 -  Chatter control simulation -  output current stepping down
(a) Graph of vcap versus Z0id 
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Time
0 0.005 0.01 0.015
Time
Figure E-38 -  Chatter control simulation -  output current stepping down
(a) Graph of id versus time (b) Graph of iout versus time
vcap maximum 961.5 id maximum 20.6
vcap minimum 678.5 id minimum -9.7
Cycles to reach target: 36 Time to reach target: 3.6 ms
Table E-24 Results
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Simple Control (Output Current Stepping Down)
0 0.005 0.01 0.015
Time Time
Figure E-39 -  Simple control simulation -  output current stepping down
(a) Graph of vcap versus Z0id
(c) Graph of vcap versus time
(b) Graph of ia versus ip
(d) Graph of ia versus time
Time
0 0.005 0.01 0.015
Time
Figure E-40 -  Simple control simulation -  output current stepping down
(a) Graph of id versus time (b) Graph of iout versus time
Vcap m ax im u m 961.5 id m ax im um 20.6
v cap m in im u m 673.8 id m in im u m -22.8
C ycles to  reach  target: 20 T im e to  reach  target: 2 .0  m s
Table E-25 Results
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